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ABSTRACT 
This thesis is divided into two main sections. 
Section I is concerned with oxygen and sulphur ligand 
complexes o~ the divalent first row transition metals, 
and oxygen and nitrogen ligand complexes o~ the Group 
VB trihalides are described in Section II. 
Section I 
(1) The preparation of new tertiary phosphine sulphide 
and arsine sulphide complexes of cobalt (II) is 
reported.. Comparative spectral and magnetic data ar•e 
presented for the tetrahedral oxo- and thio-ligand 
complexes o~ the types [CoL4J(Cl04)2 and CoL2x2 
(X = Cl, Br and I). ( L = Me3Po and Me3Ps; Me3As 0 and 
Me3AsS)e In the perchlorate complexes corresponding 
oxo- and thio-ligands ~roduce similar ligand field 
splitting energies, but lower p values o~ the sulphides 
and higher intensities of their spectral oands point to 
their greater covalent charactere The considerably 
lower magnetic moments of [CoL4](Cl04)2 thio-complexes 
as compared with their oxo-analogues is further evidence 
for differenc~in metal-oxygen and metal-sulphur bonding. 
Electronic spectra fo:r the [CoL4J(Cl04)2 complexes have 
been compared with the spectra of related tetrahedral 
cobalt (II) 
complexes. /(P) transition band shapes 
I . 
and intensity distributions are virtually identical 
for both the phosphine and arsine sulphides. In 
contrast the characteristic profiles produced by 
phosphine oxides are different from those produced 
by arsine oxid~s. Metal-ligand vibrations have been 
assigned for cobalt and corresponding zinc complexes. 
(2) Spectral and magnetic results show that 
trimethylarsine sulphide continues to give tetrahedral 
[M(Me3Ass) 4J (Clo4)2 and M(Me3Ass) 2 x2 (X= Cl 1 Br) 
complexes with iron (II) and nickel (II)~ The low (3 
value and magnetic moment of [Ni(Me3AS s) 4J (Clo4)2 
again demonstrates the high metal~ligand covalency 
produced by thio-ligandse Metal-ligand vibrations fall 
in the same frequency range as observed for cobalt (II) 
complexes. 
By contrast trimethylarsine oxide reacts with the 
dihalides of iron, cobalt and nickel to give bridged 
octahedral M(Me3As o) 2 x2 (X = Cl, Br) complexes thus 
providing an example of tetrahedral bridged octahedral 
isomerism involving oxo-ligands. Their structures have 
been elucidated using infra-red and electronic spectral, 
and magnetic data e The low As- 0 stretching frequencies 
suggest that polymerisation is being achieved via 
oxo- rather than halogen bridges w Further evidence 
is obtained from the infra-red spectra of the 
anGllogous M(Me3As o) 2 (NOS ) 2 th:tocyopmte con1J?lGxee o 
(3) The preparation of high-spin five-co-ordinate 
[ML5J 
2 + and [ML4(clo4)J + complexes with trimethylarsine 
oxide is described for a number of first-row, divalent, 
transition metal ionso The electronic spectra of these 
complexes more closely resemble the spectra obtained 
for other complexes known~ from X-ray analysis~ to 
have a basically square pyramidal structure rather 
than those of the trigonal bipyramidal classD Five 
co~ordination is considered to be stabilised by the 
steric requirements of the ligande Metal-ligand 
stretching vibrations are assigned and their 
frequencies compared with values for related tetra-
hedral complexes. 
Section II 
Metal-ligand stretching frequencies have been 
assigned for Mx3 dipy and MX3L2 ( L := py, pyO and 
Ph3As 0) complexes of arsenic,. antimony and bismuth. 
For the arsenic and antimony MX3L2 compounds 9 Y(M - L) 
values fall in the same region as for the corresponding 
germanium and tiny MX4L2 compoundso However, v(Sb -X) 
values are signH'ican"tly lower than }J(Sn - X). 
Terpyridyl complexes are varied. Their compositions 
and constitutions were elucidated by spectral and 
conductivity studies. Antimony complexes are f'ormulated 
+ 2-as [SbX2terpyJ 2 SbX5 and arsenic complexes as 
[As 012 terpy] + As 014 - and [As Br2 terpy] + Br- .. The 
'bismuth complex [Bi 013 terpY] is non-ionic. 
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The prenent work ie primarily a comparative study 
involving a variety of coordination compounds which 
all can be regarded as being of' the general type 
MXa~' where M is a central metal ion- X a coordinated 
or uncoordinated anion and L a neutral ligand. 
Examples are Ni012 (Me3AaS) 2 , SbBr3(pyo) 2 and 
Mn(Clo4) 2 (Me3Aso) 5. In a given series either M, X or 
L have been systematically varied and the resultant 
changes in stereochemistry and the nature of the M-L 
bond investigated. A comparison of the effects of 
changing the 1 donor atom from oxygen to sulphur, using 
trimethylarsine oxide and sulphide, and related ligand 
complexes of the divalent first row transition elements 
has been made (Section I). The effects of varying M 
and X, using some Group VB trihalide complexes has 
also been studied (Section II) and comparisons made 
with related Group IVB and transition element complexes. 
The present work involved the use of a number of 
physical methode. Electronic spectra have been used 
to distinguish between four~ five and six-coordinate 
complexes and also to give information about the metal-
ligand bond. For example the Racah B values were 
found to be significantly lower for the tetrahedral 
cobalt(II) thio-complexes than for their oxo-
analogues demonBtrating the greater metal-ligand 
covalency produced by the thio-11gands. 
In certain cases, such as the nickel and cobalt 
halide complexes, magnetic moments distinguish between 
octahedral and tetrahedral stereochemistries, thus 
complementing spectral information. Electron 
delocalisa tion may a.lso effect magnetic momenta, as 
was observed for the tetrahedral cobalt(II) thio-
complexes. 
In cases where electronic spectra and magnetic 
measurements fail to distinguish between possible 
coordination nu~bers, X-ray powder photographs may 
establish isomorphism with a complex of known stereo-
=1 In the region above 500 em ~ infrared spectros= 
copy has been used to establish ligand coordination. 
Certain changes in ligand frequencies, such as a 
decrease in the arsenic-oxygen stretching frequency 
for arsine oxide complexes~ are indicative of complex 
formationp and may also be characteristic of the 
coordination environment. 
Finally, extensive use of low frequency infrared 
2 
spectroscopy has been made in the present work. 
This technique is being used increasingly in the 
study of inorganic compounda1 , 2 ,3. Metal-ligand and 
metal-halogen stretching frequencies, which occur in 
-1 the region below 500 em , frequently give information 
about the nature of bonding and the structure of 
complexes. Although B'Uch absorptions have been 
assigned as y(M-0), Y(M-N) or Y(M-Cl) for example, 
it is realised that these may not be pure stretching 
modes but may involve bending components or coupling 
with ligand modes. However in a closely related 
serieo of complexes the degree of mixing of vibrations 
will probably be approximately constant, and changes 
in metal-ligand stretching frequencies can therefore 
be correlated with changes in metal-ligand bond 
stretching force constants. Metal-h~logen and 
metal-ligand frequencies are often characteristic of 
structure and stoichiometry. For example the 
differentiation of the tetrahedral and bridged octa-
hedral isomers of the formula MX2L2 has been accom-
plished. 
Far infrared spectroscopy is of particular value 
when neither electronic spectra nor magnetic measure-
menta give structural i·nformation, as is the case for 
3 
complexes of metal ions involving filled d shells. 
However, whenever possible, low frequency infrared 
spectroscopy has been employed in conjunction with 
the other physical methods to provide the fullest 
information about the bonding and structures of the 
coordination complexes. 
4 
SECTION I 
TRIMETHYLARSINE OXIDE, TRIMETHYLARSINE SULPHIDE 
AND RELATED LIGAND COMPLEXES OF THE DIVALENT FIRST 
ROW TRANSITION ELEMENTS 
INTRODUCTION 
In this section a comparison of the effects 
produced by related oxo- and thio-ligands has been 
made. Such ligands are often mutually exclusive in 
their reactivity; oxo-ligands generally forming 
stable complexes with 11 claas a" or "hard" metal ions, 
and thio-ligands forming stable complexes with "class 
b11 or 11 soft" metal ions4' 5. Therefore in order to 
·obtain comparative data, the divalent metal ions of 
manganese~ iron, cobalt, nickel, copper and zinc, 
which lie on the boundary between the "class a" and 
11 class b" acceptors, were chosen· for study. To avoid 
any possible complications arising from chelation, only 
monodentate ligands have been considered, those used 
being of the type n3zy (where R = Ph, Me; Z = P,As; 
andY= o,s). Several other systems were investiga-
ted but found to be unsuitable. (Appendix I). 
Whereas the tertiary phosphine and arsine oxides 
(R3Po and n3As0) are known to react readily with the 
divalent ions of the first row transition elements6-9 
stable complexes of the corresponding sulphides (R3Ps 
and R3As8) have been reported mainly with typical 
11 class b 11 elements 10 = 1 6 • . Previous workers 13 ~ 16 
5 
have found no evidence for complex formation between 
the sulphides Me3Ps, Ph3Ps and Ph3AsS, and the 
dihalides of cobalt and nickel. However, the phos-
phine sulphidL complexes11 , 1 7 ZnL2x2 (where L = 
Me3Ps, Ph3Ps and Ph~sS) and (zn(Me3Ps) 4J(Clo4) 2 , 
and a triethylaraine sulphide complex18 
Co(Et3Ass) 2cl2 have been described briefly. No 
trimethylarsine sulphide, Me3AsS, complexes have been 
reported previously. 
In the present work structurally analogous oxo-
and thio-ligand complexes have been obtained thus 
facilitating a direct comparison of the effects 
produced by these ligands. Spectroscopic and magnetic 
properties of the corresponding pairs of tetrahedral 
complexes formed between cobalt(II) and the ligands 
Me3Po and Me3Ps, Me3As0 and Me 3AaS, and Ph3As0 and 
Ph3AsS have been compared (Chapter 1). (Results in 
Chapter 1 were jointly analysed with Miss S.H.Hunter, 
who prepared the tetrahedral cobalt(II) oxo-ligand 
complexes.) The work was then extended (Chapter 2) 
to include an investigation of the coordination 
properties of divalent manganese, iron, nickel and 
copper towards trimethylarsine oxide and sulphideu 
These ligands were chosen to represent tho Me3zy class, 
6 
since preliminary investigations indicate4 that their 
complexes were more readily isolated and less hygro-
scopic than the corresponding Me3Po and Me3Ps 
compounds. It was found that although both the oxo-
and thio-complexes have the same general formulae, 
ML4(olo4)2 and ML2x2 , they are structurally dirterent. 
Finally the complexes of trimethylarsine oxide and 
the divalent porchloratea were investigated in more 
detail because they were found to be five-coordinate 
(Chapter 3)e 
Although the metal-ligand stretching frequencies 
for oxo-ligand complexes are well established9 ' 19 • 20 , 
lese is known about the corresponding thio-
1 frequencies o Mainly bidentate sulphur ligand 
1 
complexes have been investigated , and so the 
identification of the Y(M-S) mode for a series of 
monodentate sulphur ligand complexes was of interest, 
the usual. difficulties and uncertainties associated 
with chelate ligands being avoided. The simplicity 
of the spectra of the Me3zy ligands makes the infrared 
apectra of their complexes particularly attractive for 
study. 
7 
CHAPTER 1 
TETRAHEDRAL COBALT{II) COMPLEXES 
INTRODUCTION 
In contrast to earlier reporta13 ,i4 it is found 
that both tertiary phosphine and arsine.sulphides 
react with cobalt(II) salts. With trimethylphos-
phine and arsine sulphides a full range of 
tetrahedral [CoL4J(Ol04)2 and OoL2x2 (where L = MejPS 
and Me3AsS; X = 01, Br I and NOS) compounds were 
obtained. Triphenylarsine sulphide, Ph3AsS, also 
reacts, although only impure products could be 
isolated (p.115"). There was no definite indication 
of complex formation between triphenylphosphine 
sulphide~ rh3Ps, and cobalt(II). 
Me3As0 and Ph3As0 all react with cobalt perchlorate 
and halides to give the corresponding tetrahedral oxo~ 
complexes [OoL4J (0104)2 and OoL2x2 ,B,i9, 21 an 
opportunity is provided tr make a direct comparison of 
the effects produced by monodentate oxo~ and thio-
ligands. The complexes studied are listed in Table 1. 
Only in the cobalt iodide and thiocyanate complexes of 
Me3Aso and Me3AsS are there significant structural 
differenceso Trimethylarsine sulphide gives the 
tetrahedral Co(Me3Ass) 2r 2 complex while trimethylarsine 
oxide gives an ionised complex [Co(Me3Aso) 4Jr2 , with 
8 
a tetrahedral cation. 
coordinate through bridging in the crystalline state, 
(see Chapter 2), in contrast to Co(Me3As8) 2 (NCS) 2 
which is tetrahedral. 
Examples of corresponding pairs of stable 
complexes with monodentate oxo- and thio-ligands, 
such as those studied in the present work, are not 
common. Both hexamethylphosphoramide, (Me2N) 3Po
22
,
23 
and tris(dimethylamino)phosphine sulphide, (Me 2N) 3Ps 
24 
have been reported to give tetrahedral [OoL4] (0104)2 
and OoL2X2 complexes. Other oxo-thio pairs of 
cobalt(II) complexes involve the ::c= 0 and .::::0= S 
donor groups, but comparisons obtainable from such 
complexes appear to be limited. Dimethylacetamide. 
(dma) 25 , 26 and dimethylthioacetamide (dmta) 27 give 
a full range of tetrahedral [OoL4J(Cl04)2 and CoL2x2 
complexes. However, it has been suggested from 
spectroscopic data, that although the oxygen is acting 
as the donor atom in the (co(dma) 4J (Clo4) 2 complex, 
the nitrogen may also be weakly bonded25. A similar 
aeries of complexes can also be obtained with tetra-
methylurea (tmu) 28 • 29 and tetramethylthiourea (trntu) 
29,3°, but the electronic spectra of the thio-complexea 
have not been reported and since the tetramethylurea 
9 
complexes are very hygroscopic, difficulty was found 
in obtaining reliable magnetic measurements from 
) 28 [Co(tmu)L~)(Clo4 2 . 
Corresponding pairs of oxo- and thio=ligand 
0 10 complexes with metal atoms having a d or d 
configuration are more common. Triphenylarsine 
ox1de9 and sulphide1 7 both react with zinc halides 
giving ZnL2x2 complexes. Tin tetrahalides react 
with Me3Po
19 and Me3Ps3
1 to give sn.x4~2L complexes, 
which are presumably octahedral. With mercuric 
chloride, 1:1 adducts are formed with Ph3As0 3
2 
and 
Ph3Ass
14; however 9 the oxo-complex is dimeric with 
bridging arsine oxide liganda 33 , whereas the 
structure of the thio-complex is not knowno Ethers 
and th:1.oethers react with the trihalides of aluminium 
and gallium34 and with the pentachlorides of niobium 
and tantalum35, giving MX3L and MC15L complexes 
respectively. Such correspondi~g pairs of oxo- and 
thio-11gand complexes have the same stoichiometry, 
but often no evidence is presented to indicate that 
the compounds are structurally similar. 
In this chapter a direct comparison of the 
effects produced by corresponding oxo- and thio-
ligands has been made using the structurally analagous 
10 
pairs of tetrahedral [CoLL~J(Cl04) 2 and CoL2X2 
complexes (where L :::: Me3Po and Me3Ps, Me 3As0 and 
Me3AsS ·and Ph3Ao0 and Ph3AaS). Zinc complexes 
have been included as reference compounds. 
11 
12 
TABLE 1 
Tetrahedral.Cobalt{II) Com~lexes Studied in Chanter 1 
Ligand ComplexeE!_ 
Me3Po { [OoLJ (0104) 2 
Me 3Ps CoL2X2 (X = Cl, Br, I) 
Me3As0 { [ooLJ (0104) 2 CoL2x2 (X = Cl, Br) 
[CoLJ I 2 CoL2 (NCS) 2 
a 
Me3AsS { [ooLJ ( 0104) 2 CoL2X2 (X = Cl,Br,I) 
CoL2 (NCS) 2 
Ph3PS No indication of complex formation 
Ph3As0 b { [ OoL4] ( 0104) 2 
Ph_,AsS 0 CoL2Br2 
a Octahedral complex (see Chapter 2) 
b Ph3As0 complexes described in ref. 8 
c Only impure products could be isola ted ( p .115 ) 
TABLE 2 
d values for X-ray powder lines of ML2x2 tetrahedral comnlexes
8 
Co(Me3Aso) 2cl2 7 .. 86m 6.51 s b 5.24s 4.76m 4.07m 3.82s 3.06s 
Zn(Me3As0) 2c12 7.,98m 6 .. 53s b 5.26s 4.93m 4.08m 3.83s 3.1 Os 
Co(Me3.Aso) 2Br2 8.11m 6 .. 65s b 5.34s 5.01m 4.17m 3.89s 3.14s 
Co(Me3AsG) 2c1 2 b 6.68s 5.89m 5.20s b 4.02m 3.88s 3.1 Os 
Zn(Me3AsS) 2C12 b 6'. 71 s 5 .. 91m 5.22s b 4.05m 3.90s 3.11 s 
Co(Me3.Ass) 2Br2 b 6.,84s 6.02m 5. 31s b 4.11m 3.95s 3.16s 
a 
s = strong, m = medium 
b line not observed. 
.... 
I..N 
RESULTS AND DISCUSSION 
The new thio-complexes were obtained from hot 
acetone or ethanol solutions of the ligand and the 
metal salt (p.ioO). For the Me3AsS complexes, use 
of the anhydrous salt was found unneceasary. The 
addition of ethylorthoformate considerably 
increased the yields of the Me3Ps complexes, and 
was essential for the isolation of Ph3AsS complexes 
with cobalt(II). The dehydration of the metal 
ions by ethylorthoformate (p.i15) facilitates the 
formation of the sulphide complexes. The tetra-
hedral cobalt oxo-complexes were prepared by Miss 
S.H. Hunter, and tho correbponding zinc oxo-complexes 
were isolated from ethanol solutions of the ligand 
and metal salt. 
X-ray powder photographs show that groups of 
isomorphous compounds are: 
(i) CoL2c12 , CoL2Br2 w ZnL2c1 2 and znt2Br2 where 
L : Me 3Po and Me3AsO. 
(ii) CoL2c12 i CoL2Br2 , CoL2r 2 , ZnL2c12 and 
ZnL2Br2 where L = Me3Ps and Me3AsS. 
(iii) [CoL4J (Clo4)2 and [ZnL4J (Clo4)2 where L = 
14 
Me3Po and Me3AeO. 
( iv) [CoL4] (0104) 2 and [znL4] (0104) 2 where L = 
Me 3Ps and Me3AsS. 
(v) [OoLJ (0104) 2 and [ZnL4] (0104) 2 where L = 
Ph3AsS. 
The similarity in the diameters of the stronger lines 
in the photographs of the group (1) and (ii) compounds 
(Table' 2) suggests that they are of closely similar 
structure, 
Electronic Spectra 
The electronic spectra of the thio-complexes 
(Table 3) are characteristic of tetrahedrally coordina-
ted cobalt(II) 36 ,38 . The positions of the bands are 
similar in the reflectance and solution spectra and 
generally the molar absorbances of the solutions obey 
Beer's Law. However, for the relatively unstable 
complexes, [Co(Me3Ps) 4J (Clo4) 2 , [Oo(Ph3Aas) 4] (0104) 2 
and Co(Ph3AaS) 2Br2 , which show ligand dissociation in 
solution, free ligand was added to restore band 
intensities to their maximum values. Molar conduct-
1vities of the Co(Me3Ass) 2x2 compounds in nitrobenzene 
are all low (for X = 01, Br and I,Am < 2; for X = 
15 
TABLE ,2 
Electronic S ectral Data for Tetrahedral 
Compound State 
(Co(Me3PS) 41 ( Clo4 ) 2 nitromethaneb 15,380(526) 
solid 15,400 
Co(Me3Ps) 2cl2 dichloromethane 16,560(436) 
solid 16,100 
Co(Me3Ps) 2Br2 dichloromethane 15,850(468) 
solid 15,600 
Co(Me3Ps) 2r 2 dichloromethane 14,840 ( 575) 
solid 14,800 
[Co(Me3Ass) 41(Clo4 ) 2 nitromethane 15,290(531) 
solid 15,300 
Co(Me 3AsS) 2cl2 dichloromethane 16,290(448) 
solid 16,000 
Co( Me 3AsS) 2Br2 dichloromethane 1 5, 700 (51 2) 
solid 15,400 
Co(Me 3AsS) 2I 2 dic11loromethane 14,860(991) 
solid 14,800 
Co(Me3AsS) 2 (NCS) 2 dichloromethane 16,780(526) 
solid 17' 300 
[Co(Ph3AsS) 4 J(Cl04 ) 2 ni tromethane b 15,150 
solid 15,1 00 
Co(Ph3AsS) 2Br2 dichloromethaneb 15,820 
solid 15,700 
a For corresponding oxo-complexes see refs 21,37; molar 
extinction coefficients in parentheses. 
b Plus excess ligand. 
i 
1)3 
14,490(705) 
14,800 
1 5, 1 70 ( 436) 
14,800 
14, 730(506) 
14,200 
1 3 , 8 70 ( 74 9) 
13,700 
14,410(778) 
14,500 
15,040(444) 
14,800 
14, 730(545) 
14,300 
13,850(1210) 
13,800 
1 5 , 360 ( 6 70) 
15' 700 
14,370 
14,350 
14,4 70 
14,600 
16 
I 
-1 )'a em 
1 
I 
! 
i )}2 I I 
13,510(65J) 7,350(143) 6~-ooo ( 143) 
13,600 7,350 5,950 
13,330(457) 6,900(sh) 5, 21 0 ( 123) 
13,600 6,600 5,250 
13,230(.540) 6,620(sh) 5, 000 ( 11 5) 
13,500 
i 
6,500 4,900 
12, 820( 871) 6, 350 ( 11 7) 4, 940( 11 7) 
12, BOO ! 6,100 4,800 
I 
13,400( 717) 7, 670( 163) 6,230(161) 
13,400 I 7,700 6,100 
I 
13_,320(416) 6,990(sh) 5, 280( 129) 
13' 600 6,700 5,400 
I 
13,390(551) 6, 670( sh) 5,100(126) 
13,300 6,650 5,200 
12,820(1267) 6,580(120) 4,980(123) 
1 2' 700 6,200 4,900 
13,950(757) 7, 700( sh) 7,240(204) 6, 700( sh) 
1 3 '800 8,100 7,350 6,450 
13,890 7,840 5,920 
13 ~ 900 7,800 5,900 
1 3, 090 6, 600( sh) 4,960 
13, ?CO 6,600 4, 700 
TABLE ha 
a 
Electronic Spectral Parameters for Tetrahedral [CoL~ (Clo4l 2 Comnlexes 
Comnound 'Y3 b( cm-1) J)2 b (em -1) c( -1) ~em B'(cm-1 ) ~ f 8 (Y3) (X103) 
[co(Me3Po) 4](clo4 ) 2 
[Co(Me3Ps) 4J(Clo4 ) 2 
[co(Me3Aso) 4 ](Clo4 ) 2 
[co(Me3Ass) 4 ](Clo4 ) 2 
[Co(Ph3Aso) 4J(Cl04 ) 2 
[co(Ph3Ass) 4J(Cl04 ) 2 
16 '890 
14,400 
16' 810 
14,280 
16,600 
14,430 
a Oxo-complexes from refs 21,37 
6,600 3,800 
6,680 3,890 
6,900 3,980 
6,950 4,070 
6, 650 3,830 
6,940 4,060 
805 0.83 3.22 
627 0.65 8 .. 59 
784 o. 81 3.78 
601 0.62 9.62 
784 o. 81 
613 0.63 
b Evaluated from the centre of gravity of the intensities 
c Calculated by the methods described in ref.36; 
d ~ = B'/967; reliable to± 0.02 
e Oscillator strength, f, evaluated graphically. 
-1 
considered reliable to± 150cm 
-lo 
-J 
TABLE 4b 
a Electronic Spectral Parameters for Tetrahedral CoL2x2, Comnlexes 
Compound 
Co(Me3Po) 2cl2 
Co(Me3Po) 2Br2 
Co(Me3Po) 2r 2 
Co(Me3Ps) 2Cl2 
Co(Me3Ps) 2Br2 
Co(Me3Ps) 2r 2 
Co(Me1-so) 2cl2 
Co(Me3Aso) 2Br2 
fCo(Me3AsO) JI2 
Co(Me1-sS) 2cl2 
Co(Me3.AsS) 2Br2 
Co(Me3.AsS) 2I 2 
Co(Me3AsS) 2 (NCS) 2 
Co(Ph3.Aso) 2Br2 
Co(Ph3AsS) 2Br2 
") b( -1) 
3 em 
15' 750 
15' 590 
15,300 
14,990 
14,540 
13' 710 
15' 880 
15,600 
15,900 
14, 920 
14,580 
13~ 760 
15,200 
15,000 
14,510 
a Oxo-complexes from refs 21 ,37 
)7 b( -1) 
2 em 
6,440 
6,230 
6,000 
5,810 
5,700 
5,650 
6,660 
6~340 
6s;r700 
5,900 
5, 750 
5,770 
7,220 
5,670 
5,600 
6c(cm:::1) 
3, 730 
3,590 
31'450 
3' .34.0 
3,280 
3,260 
3,840 
3,650 
3,880 
3,390 
3' 310 
3,340 
4,220 
3,250 
3,220 
b Evaluated from the centre of gravity of the intensities 
B' ( cm-1 ) 
735 
737 
730 
719 
693 
639 
735 
732 
730 
710 
693 
634 
651 
727 
696 
f->d 
0.76 
0.76 
0. 75 
0.74 
0.72 
0.66 
0.76 
o. 75 
o. 76 
0.73 
0. 72 
0.66 
0.67 
0. 75 
0.72 
fe(Y3) (X1o
3) 
4.54 
4.63 
6 .. 28 
6.80 
7-42 
9 .. 18 
4.06 
4. 78 
5 .. 64 
7.15 
7.67 
13,98 
1 1 • 61 
c Calculated by the methods described in ref.36; considered reliable to± 150cm-1 . 
d ~ = B'/967; reliable to± 0.02 
e Oscillator strength, f, evaluated graphically. 
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NCS, ~ = 3.2 cm2 ohm=1 mole-1) thus excluding 
m 
alternative ionic formulations. The electronic 
spectra of the tetrahedral oxo-complexes of cobalt(II) 
are reported in detail elsewhere 21 ,37. 
A consideration of the energy level diagram 
(Figure 1) for tetrahedral cobalt(!!) predicts three 
spin-allowed electronic transitions from the 4A2 
4 4 ,} ground state. The first, A2 ----7 T2 , r 1 , would be 
-1 
expected to occur in the 5000 - 3000 em region but 
although searched for was not observed. The 
-1 
structured banda in the regions 8000 - 4500 em and 
-1 18,000 - 12,500 em have been assigned to the 
4A2 ~ L~T1 (F), Y 2 and 4A2 ---7 4T1 (P), v3 transitions 
respectively36,38 _ 
8Rectral Parameters 
Single energy values for the Y2 and Y3 bands 
were evaluated from the centre of gravity of the total 
absorptions. The spectral parameters~ and B' were 
then calculated from the energies of v2 and y3 using 
the equations 36 derived from the matrices of Tanabe 
and Sugano39 (Appendix II). The nephelauxetic 
parameter, f3, is the ratio B' to B, the free ion value. 
Since the spectra usually involve broad bands, 
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assignment of single energy valuee for Y 2 andY 3 
is somewhat arbitrary. Thus too much emphasis 
should not be placed on small differences in the 
parametero, The oscillator strengths of the Y 3 
bands were evaluated graphically. The derived 
spectral data are given in Table 4 along with the 
values for the corresponding oxo-complexes. 
The ligand field splitting energies 6, for the 
corresponding pairs of [OoL4](0104)2 complexes 
(where L = Me 3Po and Me 3PS; L = Me 3As0 and Me3As8) 
are remarkably similar. However the values of the 
Racah interelectronic repulsion integrals, B1 v are 
significantly lower for the thio=complexes indicating 
greater covalency. The decreased ~(B'/B) values 
are considered to be caused by charge transfer from 
the ligands to the central metal atom and a spreading 
of the partly filled d shell over the ligands, thereby 
increasing the mean orbital radii, the two effects 
being mutually reinforcing36 ,4°. As further evidence 
of covalency it is found that in the Co(Me3Ps) 2x2 and 
Co(Me3Aas) 2x2 series only the iodides give p 
approaching the low values obtained for the 
Since calculations 
provide evidence that the intensities of the spectral 
20 
bands are direct functions of the mixing of ligand 
41 and metal d orbitals , the higher oscillator 
strengths of the bands in the thio-complexes again 
indicate gre£ter covalen~y in the metal-ligand bond. 
The fact that the corresponding pairs of ligands~ 
Me 3Po and Me3Ps, or Me 3As0 and Me 3AsS, produce similar 
6values, must arise fortuitously from compensating 
effects of permanent polarity and polarisability, the 
polarisability of the thio-ligands being considerably 
greater. The recent preparation of cobalt(II) 
complexes of tris(dimethylamino)phosphine sulphide, 
(Me2N) 3Ps
24 allows an extension of the oxo-thio 
comparison. The ligand field splitting energies 
produced by this thio-11gand24 (~ = 3620 cm=1 ) and 
its oxo-analogue22 (6 = 3640 cm-1 ) in their 
[CoL4J (Clo4) 2 complexes are also remarkably similar. 
With~ values 3800, 3830, 3890, 3920, 3980, 4060, 
4 -1 4070, 150 and 4250 em respectively trimethylphos-
phine oxide, triphenylarsine oxide, trimethylphosphine 
. 36 
sulphide, azide , trimethylarsine oxide, triphenyl-
arsine sulphide, trimethylarsine sulphide, cyanate36 
and thiourea42 fall approximately in this sequence in 
the spectrochemical series. The low ~ values 
observed for the sulphides are characteristic for 
21 
cobalt(II). in a tetrahedral field of sulphur atoms 
(Table 5). A low~ value (0.60) is also found for 
cobalt(II) doped into a zinc selenide lattice45. 
Investigv tlon of' the reactions of trimethylarsine 
and trimethylp11uuphlne selenides towards cobalt(II) 
would therefore be of interest. 
It appears that corresponding oxo- and thio-
ligands may produce similar ligand field splitting 
energies in other systems, as for example in octa-
Although exactly 
analogous pairs of complexes have not been investiga-
ted, the urea (o bonded) and ethylenethiourea (s 
bonded) nickel(!!) perchlorate complexes are known. 
The 6values are 8060 and 8000 om-1 and the~ values 
Oe87 and Oo54 respect1vely4G,47 (B for free ion = 
1056 cm~ 1 ). 
Magnetic Susceptibilities 
The magnetic susceptibilities of the complexes, 
corrected for diamagnetism and temperature independ-
ent paramagnetism are given in Table 6.· The latter 
was calculated from the expression 2.09/D36 G 
Precision was such that reproducibility of the values 
1 a ± 0 • 04 B. M. 
22 
23 
TABLE 5 
[ 'J 2+ ~pectral Parameters for .CoL4 Thio-compl~ 
L 6(cm-1) ~ 
Me 3PS 3890 0.65 
Me 3AsS 4070 0.62 
Ph3AsS 4060 0.63 
TDPS a 3620 0.66 
Tu b 4250 0.62 
etu c 3780 0.67 
dmta d 3870 0.67 
tel e 3910 0.64 
a Tris(dimethylamino)phosphine sulphide (ref. 24) 
b Thiourea (ref. 42) 
c Ethylenethiourea (ref. 43) 
d Dimethylthioacetamide (ref.27) 
e t=·-Thiocaprolactam (ref.44). 
TABLE 6 
Magn~tic Data for Tetrahedral Cobal t(II) Complexes a 
Comnound X m(X1 o3) X corr(X103) )J. c 
m b (B. M. ) ( cgsu) ( cgsu) 
[Co(Me3PS) 41 (Clo4 ) 2 8.00 7.87 4. 31 (4.56) 
Co(Me3Ps) 2cl2 8.32 7. 91 4.32 (4.34) 
Co(Me3PS) 2Br2 8.64 8.23 4.41 (4.46) 
Co(Me3Ps) 2I 2 8.65 8.27 4.42 (4.46) 
[Co(Me3Ass) 4] (Clo4)2 8@23 8.19 4.46 d (4.66) 
Co(Me3AsS) 2Cl2 8.26 7.87 4. 31 (4.42) 
Co(Me3AsS) 2Br2 8.40 7.97 4.34 (4.46) 
b Corrected for diamagnetism and temperature independent 
paramagnetism. 
c Values for corresponding oxo-complexes in parentheses; 
from refs. 21 ~ 37. 
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For tetrahedral cobalt(II) higher energy 
triplet states are mixed into the 4A2 ground state 
under the action of spin-orbit coupling. A certain 
·amount of orbital angular momentum is introduced 
into the ground, state and thus, an orbital contribu-
tion to the magnetic moment48 ,49. The magnitude of 
this contribution is given b/~8 
)l ::: 3 o 88 ( 1 - ~ I) 
where A' (a negative number) is the spin-orbit 
coupling constant in the complexed cobalt(II) ion. 
In discussion of the increments in the magnetic 
moments above the spin only value, a~tention has 
generally been focussed on the variations in 6 pro-
duced by different ligands38 ,48 , 50 • In the present 
case, the closely similar 6 values for the ligands in 
the corresponding pairs of perchlorate complexes, 
allows the differences in magnetic moments to be 
interpreted in terms of spin-orbit coupling. For the 
[coL4J ( 0104 ) 2 compounds )1 = 4.56 and 4.31 B.M. for 
L :::: Me3Po and Me3Ps and )J = 4.66 and 4.43 B.M. for 
L = Me3Aa0 and Me3AsS respectively. Thus the lower 
magnetic moments of the thio-complexes appear to arise 
primarily from dec~eased spin-orbit coupling. The 
reduction in A has been related to charge transfer 
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from the ligands to the metal ion and a delocalisa-
40 51 tion of the d electrons ' • This being so, the 
magnetic data provide independent confirmation of 
the spectral evidence for greater covalency in the 
metal-sulphur bond. 
For the CoL2x2 compounds the situation is com-
plicated by the presence of low symmetry components 
of the ligand field produced by fundamentally 
different ligands in the coordination sphere. The 
differing 6 values of the CoL2x2 pairs 9 if operating 
independently of other effects, would reduce the 
difference in the magnetic moments by at least 0.1 aM. 
Although the arsine sulphide halide complexes have 
magnetic moments 0.11 - 0.12 B.M. lower than their 
oxo-analogues, the differences between the correspond-
ing pairs of phosphine oxide and sulphide complexes 
al"e negligible. 
Effects_gf the Penultimate Ligand Atom 
The present results provide information on the 
effects of phosphorus and arsenic on the bonding of 
the oxo- and thio-ligands. In the perchlorate 
complexes both trimethylphosphine oxide and sulphide 
p~oduce lower ligand field splitting energies than 
26 
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their arsenic analogues (Table 4). There is evidence 
(see p. 7:17 ) that the degree of dTT- p11 bonding in the 
P-0 linkage in phosphine oxides is greater than in 
corresponding As-0 linkages. This would lead to 
weaker donor properties and hence lower 6 values for 
phosphine oxides relative to arsine oxides. For the 
thio-ligands the situation is less certain (see p. "57 ). 
However, while too much emphasis should not be placed 
on small differences in 6 , the values are always 
consistently lower for the Co(Me3Ps) 2x2 complexes as 
compared with their Me 3AsS analogues, thus paralleling 
the situation for the [OoL4J
2+ species. 
(P) Transition 
A further indication of the influence of the 
penultimate atom on the bonding of these ligands may 
be obtained from the details of the 4A2-t 4T1 (P), V 3 
band profiles. In the free cobalt(II) ion there is a 
2a state close to the 4p state and in the tetrahedral 
field the components of the former also lie close to 
the latter (Figure 1). It is considered that mixing 
of the 4T1 (P) state and components of the 
2G state, 
through the'action of spin orbit coupling leads to the 
structure of the ))~ b'and5 2 ' 53~ 
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For the thio-complexes, [CoL4J ( 0104) 2 the 
profiles of the Y3 band do not appear to be effected 
by the nature of the penultimate atom, (i.e. P or As). 
The band shapes and intensity distributions are 
JVirtually identical for the Me 3Ps and Me3As8 complexes 
and the spectrum of the Ph3As8 complex is similar 
(Figure 2). In contrast the Y3 band profiles for 
[Co(Me3Po) 4](Cl04) 2 and the isostructural 
[Co(Me3Aso) 4](Clo4) 2 are quite different from each 
other (Figure 2). This difference appears to be a 
function of the penultimate atom and not of~' because 
other oxo-ligands which produce different 6 values 
show a similar pattern21 •37b. Thus complexes of Ph3Po 
Ph2MePO and (Me 2N) 3Po have band profiles similar to 
that observed for Me 3Po, while the profiles for the 
complexes of the arsine oxides, Ph3As0 and Ph2MeAsO, 
compare closely to that of Me3As0 (Figure 2). 
Differences in the d 11 - p,. bonding in the P-0 and 
As-0 bonds (eee p.o7 ) would lead to basic differences 
in the Co-O bond for the phosphine oxide and arsine 
oxide ligands, thus causing differences in the relative 
energies of the components of the 2G and 4r1 (P) states. 
This would lead to different spin-orbit coupling and 
consequently different band profiles. The fact that 
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the phosphine and arsine sulphides do not produce 
marked differences in the splitting of the v3 band 
would suggest that Co-S interactions are not affected 
by the penultimate atom (i.e. P or As) as appears 
the case for Co-O bonding. 
The action of spin orbit coupling 
expected to split the 4A 2 -1 4T1 (F) , Y 2 
-1 ( band by no more than 1000 em Figure 
would be 
absorption 
1) • However, 
generally the observed splitting is greater than this 
and must be due to non-cubic elements of the ligand 
field, since there are no doublet levels close to the 
L~T1 (F) state with which it could interact under the 
action of spin~orbit coupl1ng52 , 53 . The V2 bond 
also differs for the thio- and oxo-complexes [Oot4J 
2+. 
In the former case two main components occur while in 
the latter21 ~37b three bands are found. Unlike the 
)13 band, there is no apparent difference in the 
profiles for the phosphine and arsine oxide complexes. 
This is further evidence that the different profiles 
of the Y3 bands can be related to different inter-
actions between the components of the 2G and 4p states, 
since a reduction in symmetry will affect the V2 band 
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to a greater extent52 • The observation of only 
two components in the Y2 band may indicate that the 
thio-complexes are less distorted than the correspond-
ing oxo-complexes, as might be expected for the 
larger sulphur atoms. 
l~frared spectra 
The assignment of infrared frequencies is 
facilitated by the simplicity of the spectra of the 
free ligands. For trimethylphosphine and arsine 
sulphides agreement between the observed frequencies 
and those given in the literature is generally satis-
factory54=56. However~ the As-0 stretching frequency 
for trimethylarsine oxide in the present work was found 
8 -1 -1 to be at 70 em in contrast to a frequency of 903 em 
18 
reported by Merijanian and Zingaro . In this work 
the Me 3As0 spectrum~ which was reproducible for 
different preparations and which confirmed the absence 
-1 of water, was free of absorptions in the 900 em 
region. The remaining bands in the trimethylarsine 
oxide spectrum were assigned by comparison with the 
spectra of the related ligands, Me3Po57 and Me3Ass5
6 
(aee Table 7). 
In the present work, the infrared spectra of the 
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[ML4](Cl04) 2 and ML2X2 complexes (where M = Co, Zn 
and L = Me 3AsS; M = Co and L = Me 3PS; M = Zn and 
L = Me3As0) have been assigned (Table 8). The 
spectra of the remaining tetrahedral oxo-complexes 
are reported in detail elsewhere19 •37 . Apart from 
a reduction in the As-0, P-8 and As-S stretching 
frequencies, the main ligand bands are not significantly 
displaced upon coordination. The spectra of the 
[CoL4](Cl04) 2 complexes show single bands at about 
1100 and 624 cm-1 , consistent with the presence of the 
uncoordinated perchlorate an1on59. 
Metal=Halogen_Stretching Frequencies The metal 
halogen stretching modes~ Y(M-X), were identified as 
bands which show the usual decrease in frequency as 
the mass of the halogen is increased (Table 8). The 
frequencies of the M-X absorptions are in accord with 
the pseudo-tetrahedral structure assigned to the 
ML 2X2 complexea
2
,3. 
Metal-Ligand Stretching Freguenc~~s The metal-
ligand stretching yibrations for the Me 3As0 complexes 
of zinc can be assigned to the new bands which appear 
between 450 and 400 cm-1 (Table 8). V(M-0) banda are 
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found in the same general region for complexes of the 
related ligands Me 3Po and Ph3As09,
19. For the thio-
ligand complexes the metal-ligand modes occur at 
0.65- 0.75 of the frequency of the corresponding 
y(M-0) vibrations. Since the.metal-halogen and 
metal-sulphur bands occur at similar frequencies in 
the chlorides, the only meaningful assignment is 
Y(M-01) + }I(M-S). 
In the absence of definite evidence for stronger 
M-S(P) than M-S(As) bonding, it is reasonable to 
assume that the consistently lower Y(M-S) frequencies 
for the Me3As8 complexes as compared with the Me3PS 
complexes can be related to the greater mass of the 
arsenic atom. This implies that Y(P-S) and Y(As-S) 
are not pure stretching modes but contain some 
component involving movement of the phosphorus or 
arsenic atoms. Corresponding Me3Po and Me3As0 
complexes show similar effects21 ,37. Both the 
solution and solid state spectra of the [OoL4J (Clo4) 2 
complexes show two V(M-8) bands. For regular tetra= 
,, 60 hedral ML4 complexes only one r(M~S) would be predicted , 
but allowing for a probable reduction from 180° of the 
M-8-P (or M-S-Ae) bond angles, the highest possible 
symmetry is D2d' On this basis at least two infrared 
32 
TABLE 7 
( Cm-1 ) Infrared 8pe~tra1200- ~00 _ 
Me3Po 
c Me3P8d 
1166s 
960s 9798 
944s 948s 
870m 865m 
863m 
71+1 m 745m 
e 713m 
2fu 
a 
of the Ligands 
b Me3AsQ. Me 3As8 
926s 9308 
913sh 
f3 ].Os 
848m 847m 
836m 
638mf 628m 
625m 
g 594m 
~ 
d 
8 As nujol mulls 
b Me3As0 spectrum assigned in present work. 
Assignment 
V(P-o) 
} CH3 def, 
y (As-o) 
} CH3 def. 
l} (P-C) as 
Vs(P-C) 
}Yas {As-c) 
Vs (As-C) 
Y(P-8) 
Y(As-8) 
c Complete assignment for Me3Po reported in refs. 54,57,58. 
d Partial assignments for Me 3Ps and Me3As8 reported in refs. 56,55. 
e Y8 (P-C) not observed 
f ya
8
(As-C) is not generally split in complexes. 
g J)_ (As-C) not observed. 
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TABLE 8a 
( -1) a Infrared Spectracm of Co and Zn tetrahedral complexes 
Compound Y(P-0) .1(As-O) 
Y(P-S) 
Y(M-0 ). Y(M-S) Y(M-X) Other Bands (500-200cm-1) 
Me 3PO [Co( Me 3Po) 4J ( Clo4) 2 b 
Me 3As0 
. (Co(Me3Aso) 4J (Clo4) 2 b 
[Zn(Me3As0) 4J ( Clo4 ) 2 
Zn(Me_rso) 2c1 2 
Zn(Me3Aso) 2Br2 
Me 3PS 
[Co(Me3Ps) 4J ( Clo4 ) 2 
Co(Me3Ps) 2c1 2 
Co(Me3Ps) 2Br2 
Co(Me3PS) 2I 2 
8 For Nujol mulls 
c 
870s 
862sh,837s 
870s,841s 
880sh,863s,842sh 
897sh, 862s, 841 sh 
565s 
538sh,530s,525sh 
538sh,533s 
536s 
531 s 
460sh,448m 
442sh,428s 
430s, br 
413s,br 
411s,br 
330m, 321m d 
330m,323sh 
289sh,280s 
213s, br 
(325sh,320s,308s,282m)e 
316m, 310m 
317m, 311m 
246sh,240s 
375sh, 365m, 315w, 242vw 
352m, 328w, 255vw 
266m 
271m, 263sh 
273m,266sh 
261m 
276m, 260m 
280VI'I, 225VW 
290v~,260v~, 225vw 
255vw 
275vw, 258w 
275vw, 257w 
b From refs. 21 ,37; for Co(Me3Po) 2x2 and Co(Me3Aso) 2x2 complexes see refs 19,21,37. 
c Obscured by perchlorate absorption 
d Values for nitromethane solution 
e V(M-S) + y(M-Cl). 
VJ 
+:-
TABLE 8b 
( -1) a Infrared 8nectracm of Co and Zn tetrahedral comnlexes 
Compound 
Me3AsS 
[Co(Me3AsS) 4J ( Clo4 ) 2 
Co(Me3AsS) 2cl2 
Co(Me3As8) 2Br2 
Co(Me3AsS) 2I 2 
Co(Me3As8) 2 (NC8) 2 [zn(Me3AsS) 4J ( c1o4 ) 2 
Zn(Me3AsS) 2cl2 
Zn(Me3AsS) 2Br2 
Ph3AsS 
[co(Ph3Ass) 4J(Clo4 ) 2 
Co(Ph3As8) 2Br2 
[zn(Ph3Ass) 4J(Cl04 ) 2 
a For Nujol mulls 
Y(As-8) 
476s 
442s, 437sh 
442s 
440s 
440s 
444s 
444s 
446s 
452s,446s 
495s 
d 
d 
d 
Y(M-8) 
312m, 294mw 
312m, 295mb 
v (M-X) 
(315s,308s,303s,288s)c 
299m, 288m 238s, 224m 
298m, 285m 
291m 327m 
287m 
b 289m, 277sh 
( 294s, 288s, 280s, 276s) c 
282~ 277sh 214s, br 
282m, 275m 
(260sh,250m,245rn) 8 
275m 
b Values for nitromethane solution 
Other Bands 1 (soo - 20ocm- ) 
4 74m, 467m, 45 7w, 345m, 
326m, 297vw 
475m,464s,455sh9 441sh, 
345s,330sh,297vw 
469s,444m,348s,343s,298vfl 
477m,465s,455sh,446sh, 
346s, 337sh. 
CY(M-S) + ~(M-Cl) 
d For the complexes V(As-S) is indistingUishable from other ligand bands 
e Y(M-8) + Y(M-Br). \...N \J1 
active M~S stretching frequencies should be observed61 , 
In all cases the V(M-0) , Y(M-S) and Y(M-X) values for 
the zinc complexes are lower than those of the 
corresponding cobalt complexes, as has been noted for 
other cobalt-zinc systems61 ,62 • 
The infrared spectrum with 
Y(C-N) at 2085P 2065 cm-1 and Y(C~S) at 840 cm-1 shows 
that the complex contains nitrogen bonded thiocyanate. 
The Y(C-S) frequency is above the ranges corresponding 
( 6 -1) to sulphur bonded 90 - 720 em or bridged thio-
cyanate (740 ~ 780 cm-1) systems 63 , 64. The Y(co-N) 
and V(Co-8) bands lie at 327 and 291 cm~ 1 . The latter 
is tentatively assigned asY(Co-8) since it falls in 
the range 312 - 285 cm- 1 found for this mode in other 
tetrahedral trimethylarsine sulphide complexes of 
cobalt(II). 
Tr1J2henylarsine SulJ2hide Complexes The As-S 
stretching vib:·ation for uncomplexed triphenylarsine 
=1 sulphide is found at a frequency of 495 em 9 somewhat 
t -1 above s rang ligand absorptions at 475 - 450 em • 
In the complexes 9 the V(As-S) band was indistinguishable 
from the other ligand bands indicating a decrease of 
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-1 over 20 em in the ~requency upon coordination. 
Assignment of the metal-ligand modes is complicated 
by ligand absorptions occurring between 350 and 
-1 290 em • The medium bands in the 282 - 270 cm-1 
range are assigned to metal-ligand stretching vibrations 
(Tabla 8). The V(M-S)/~(M-0) ratio for the 
[OoL41 (Clo4)2 complexes (L = Ph3AsS and Ph3As0) is 
0.68, within the range (0.65- 0.75) found ~or the 
trimethyl derivatives, 
the ~(M-8) and V(M-Br) modes occur at similar frequencies 
preventing separate assignment. 
The Nature of the P-S and As-S Bonds 
There is considerable evidence that TI bonding in 
the P-O linkage in phosphine oxides is important65- 68 • 
The bond may be regarded as a coordinate bond (P -1 0 
bond) on which is superimposed a dn - p 11 component, 
arising from donation of electrons from the filled p~ 
orbitals of the oxygen into the empty drr orbitals of 
the phosphorua69 • It appears that there is weaker 1T 
. 6 
bonding in the As-0 bond of arsine oxides37b, 7. 
Less is known about the P-S and As-S bonds in the 
corresponding sulphideso 
The main evidence for Tf bonding in the sulphides 
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(R3Ps and R3AsS) comes from the P-8 and As-S stretching 
frequencies. Electronegati~e R substituents attached 
to the penultimate atom would be expected to increase 
the stability of a TI bond, whereas if the bond was a 
simple coordinate bond, the reverse would be 
anticipated. From Table 10 it is seen thatY(P-S) 
frequencies are increased by the more electron withdraw-
ing R groups, and that Y(As-S) frequencies are also 
influenced by substituent groups. However arsine 
sulphides containing highly electronegative groups 
(Ol3AsS for example) have not been synthesised. 
Phosphine oxides are included in Table 10 for comparison. 
While a number of factors influence the position 
of the Y(P-0) absorption in complexes, the lowering of 
the frequency upon coordination can be related mainly 
to a reduction of the dn = Pn component in the P-O 
11nkage69. That a similar decrease in the Y(P-S) and 
y(As-S) frequencies (Table 9) is observed is further 
evidence for TI bonding in the P-S and As-S bonds. 
The available evidence indicates that although TI 
bonding is important in the P-S and As-S bonds, it is 
less extensive than in corresponding P-0 bonds68 • 
The dissociation energies or P-8 bonds (rJ95 kcal./mole) 
are some 35 - 65 kcal./mole lower than of P-O bonds 
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(125- 155 kcal/mole) 65. Moreover, it appenrs that 
the increase in strength on passing from a single 
P-0 bond to a P=O bond in an R3Po compound is greater 
than that on passing from a single P-8 bond to a P=8 
bond in a corresponding phosphine sulphide. The 
difference between P-O and P=O (in R3Po) is about 55 
kcal/mole compared with 26 kcal./mole between P-8 and 
P31 chemical shifts (8) are always 
lower for phosphine sulphides. The 8 values for 
Me3Po (- 36ppm) and Me 3PS (- 59ppm) indicate lower 
nuclear shielding of the phosphorus atom in the 
sulphide due to a lower d~ orbital occupancy71 . 
Little is known about the relative degree of 
bonding in the P-8 and As-S bonds although Me3AsS 
produces greater ~ values than Me 3Ps in corresponding 
cobalt(II) complexes (Table 4), probably indicating 
the Me 3AsS ligand has stronger bonding properties 
and therefore a weaker As-S TI component. 
39 
TABLE 2 
Shifts in P-0, P-8, As-0 and As-S Stretching Frequencies 
a 
on coordination 
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Com12ound Shift(cm-1 ) Compound Shift(cm-1) 
[co( Me3Ps) 4 ]( c1o4) 2 -34 [Co(Me3Po) 4](Cl04) 2 b 
Co(Me3Ps) 2cl2 -29 Co(Me3Po) 2cl2 -56 
Co(Me 3Ps) 2Br2 -29 Co(Me3Po) 2Br2 -56 
Co(Me3Ps) 2r 2 -34 Co(Me3Po) 2r 2 -45 
[co(Me3Ass) 4](Clo4) 2 -36 [Co(Me3Aso) 4 J(Cl04) 2 -25 
Co(Me3AsS) 2cl2 -34 Co(Me3Aso) 2Cl2 -23 
Co(Me3AsS) 2Br2 -36 Co(Me3Aso) 2Br2 -26 
a Thio-complexes this work; oxo-complexes from refs. 19,21 ,37; 
for split bands average value of shift has been taken. 
b Y(P-0) obscured by Clo4- absorption. 
TABLE 10 
I cm-11 P-0 1 P-S and As-S Stretching Freguencies ~ _ 
Cl3Po 
1290 b 
Me3Po 
1166 
P-O(Calc) 8 
765 
P-8 (calc) 
480 
As-S (calc) 
370 
a Estimated frequency for single bond, using equation 
of Gordy (ref. 56,10). 
b Ref. 10 and refs. therein. 
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CHAPTER 2 
BRIDGED OCTAHEDRAL TRIMETHYLARSINE OXIDE COMPLEXES 
OF Fe(II), Co(II) AND Ni(II) AND TETRAHEDRAL 
TRIMETHYLARSINE SULPHIDE COMPLEXES OF Fe(II) AND Ni(II) 
INTRODUCTION 
Both trimethylarsine oxide and sulphide react 
with cobalt(II) to give structurally analagous pairs 
of complexes (Chapter 1). A wider study shows that 
corresponding pairs of oxo- and thio-complexes of 
iron(II) and of nickel(II), although stoichiometrically 
the same, have different structures (Table 11). 
Thus the trimethylarsine oxide perchlorate complexes 
[ML4(clo4)]Clo4 (where M =Fe and N1) are five-
coordinate9 whereas the corresponding thio-complexes 
contain the tetrahedral [ML4J 
2
+ cation. With the 
halides, trimethylarsine sulphide continues to give 
tetrahedral ML2x2 complexes but trimethylarsine oxide 
appears to act as a bridging group 9 giving rise to 
octahedral polymers. Evidence on the mode of 
bridging is obtained from the infrared spectra of 
the analogous ML 2 (NCS) 2 thiocyanate complexes. 
Cobalt halides also react with trimethylarsine oxide 
to give bridged octahedral complexes, as well as the 
tetrahedral isomers described previously (Chapter 1). 
This chapter is concerned primarily with the 
bridged octahedral trirnethylarsine oxide complexes 
and the tetrahedral trirnethylarsine sulphide complexes. 
The five-coordinate trimethylarsine oxide perchlorate 
complexes are discussed in Chapter 3. 
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TABLE 11 
Me3As0 and Me3As8 Complexes of the First Row Divalent 
Transition Metals 
Complex Structure8 b M 
ML4J(Clo4)2 tetr. Me3As0 Co,Zn 
Me3As8 Fe,Co,Ni,Zn 
ML4(clo4)]Cl04 5-coo:rd. Me3As0 Mn,Fe,Ni,Cu 
ML5J(Clo4)2 5-coord. Me 3As0 Mn,Co,Ni 
ML2X2 tetr. Me3As0 Co,Zn 
(X= Cl,Br) Me 3As8 Fe,Co,Ni,Zn 
ML2X2 
(X = Cl,Br) bri. oct. Me 3As0 Fe,Co,Ni 
a tetr. = tetrahedral, bri. oat. = bridged octahedral 
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RESULTS AND DISCUSSION 
Trimethylarsine oxide reacts readily with the 
divalent salts of iron and nickel. Complexes of the 
bromides of iron and nickel. The iron(II) compounds, 
which are rapidly oxidised, were prepared and stored 
under nitrogen. Depending on the reaction conditions 
two distinct products can be isolated from the reaction 
of trimethylarsine oxide with cobalt(II) chloride. 
An intense blue tetraheru~al complex Co(Me3Aso) 2cl2 
(Chapter 1) is obtained from cold acetone solutions, 
while reaction in hot ethanol gives a pale blue 
compound with the same formula. Similarly two 
products are obtained with cobalt(II) bromide although 
the pale blue isomer is more difficult to isolate, 
(p. 103) and electronic reflectance spectra indicate 
that it still contains some of the tetrahedral form. 
The pale blue bromide complex Co(Me3Aso) 2Br2 reverts 
completely to the tetrahedral isomer upon dissolving 
in nitromethane, heating to 100° or on exposure to 
atmospheric moisture. 
X-ray powder photographs show the compounds 
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Fe(Me3Aso) 2x2 , Co(Me3Aso) 2x2 (pale blue forms) and 
Ni(Me3Aso) 2x2 (where X= Cl and Br) to be isomorphous. 
Electronic Spectra 
The insolubility of the isomorphous M(Me3Aso) 2x2 
complexes prevents the measurement of their solution 
spectra. Reflectance spectra (Table 12) however, 
are typical of high spin octahedral iron(II), cobalt(!!) 
and nickel(!!) compounds72 ,73. The spectrum of 
octahedral Co(Me3Aso) 2Br2 indicates that it still 
contains some tetrahedral impurity. 
The spectra of the Fe(Me3Aso) 2x2 compounds show 
one assymmetric band (Figure 3) consisting of a max-
imum at about 8000 cm-1 and a shoulder at about 
6 -1 5 5 000 em , which can be assigned to the T2 :-1 E g g 
transit1on72 • A splitting of the 5m state under the g 
influence of the ligand field will cause the observed 
doublet structure of the absorption74. 
The spectra of the cobalt complexes are more 
difficult to interpret. For octahedral cobalt(!!) 
three bands corresponding to the spin allowed 
transitions 4T1 g(F) ~ 4T2g(F) ( Y1) , 4T1 g (F) -7 4A2g 
( ).12), and 4T1 g(F) -1 4T1 g(P) ( y3) are expected 7
2
• 
The tro.nsi tion 4T1 g(F)--) 4A2g corresponds to a two 
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electron jump and is therefore wealt and often 
obscured72 . The spectrum of octahedral Co(Me3Aso) 2c~ 
-1 -1 
shows two strong bands at 5,700 em and 17,000 em , 
-1 ( ) and a weak band at 11,200 em Table 12 and Figure 4. 
The low energy band has been assigned to the V1 
transition and the high energy band ~b the Y3 transition 
75,76 The V3 band is structured, probably due to 
distortions of the ligand field and the presence of 
spin-forbidden transitions which gain intensity by 
mixing with thJ spin allo~ed transition75,76. The 
-1 )J assignment of the weak band at 11,200 em to the 2 
transition seems reasonable since the en~rgy of this 
transition should be approximately twice that of the 
).)1 transition 7
6
• 
For octahedral nickel(!!) complexes three absorp-
tion bands corresponding to the spin-allowed transitions 
3A2g~ 3T2g (Y1 ) p 3A2gt 3T1g(F) (y2) and 3A2g1 3T1g(P) 
Cv3 ) should be observed. Spin-forbidden triplet to 
singlet transitions may also appear72 • The spectra 
of the Ni(Me3Aso) 2x2 complexes (Table 12) have three 
main bands (Figure 5) • The lowest energy band is 
assigned to the Y1 and the 11,000- 13,000 cm-1 band 
to the Y2 transitions respectively. The splitting of 
the Y 2 band and the broadness of Y 1 probably indicate 
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Fe(Me 3.Aso) 2ol2 
(bridged octahedral) 
FIGURE Electronic spectra of 
Iron(II) complexes. (reflectance) 
Co.(1Vle 3As0) 2cl 2 (bridged octahedral) 
Co(lVle 3As0) 2Cl 2 (tetrahedral) 
-1 em 
FIGURE 4. Electronic spectra of Cobalt(fi) 
complexes. (reflectance) 
a. Ni(Me 3Aso) 2ol2 (bridged octahedral) 
b. [Ni(Me 3A S)4J (0104 ) (tetrah dral) 
25 10 5 
FIGURE • Electr.onic spectra of Nickel (II) 
complexes. (a. reflectance, b. nitromethane 
solution) 
TABLE 12 
Reflectance ~pectra of Bridged Octahedral Comple~ 
Fe(Me3As0) 2cl2 8,ooom, 6,1 OOsh 
Fe(Me3As0) 2Br2 7,900m, 6,1 OOsh 
Co(Me3As0) 2c12 
a 18,600sh, 1 7, OOOm, 11,200w, 5,700mbr 
Co(Me3Aso) 2 (NCS) 2 
b 19,900sh, 18,200m, 14,400wsh, 7,600mbr 
Ni(Me3Aso) 2cl2 21,700m, 13, OOOsh, 11 , 1OOm, 6, 500w br 
Ni(Me 3As0) 2Br2 21,300m, 12,500sh, 10,900m, 6,400wbr 
Ni(Me3Aso) 2 (NCS) 2 23, 700m, 13, 900sh, 1 3,1 OOm, 7, 900m br 
Ni(Me 3Po) 2 (NCS) 2 23,800m~ 14,000sh, 13, OOOm, 8,000mbr 
a BrGmide contains tetrahedral impurities 
b From refs. 21,37. 
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TABLE 1 ~ 
Electronic Spectral Parameters for Bridged Octahedral 
.complexes 
Compound 
Fe(Me3Aso) 2cl2 7,000 
Fe(Me3Aso) 2Br2 7,000 
Co(Me3As0) 2cl2 6,600 870 
Co(Me 3Aso) 2(NCS) 2 8,700 840 
Ni(Me3Aso) 2)cl2 6,500 950 
Ni(Me3Aso) 2Br2 6p400 920 
Ni(Me3As0) 2 (NCS) 2 7,900 900 
N1(Me3Po) 2 (NCS) 2 8,000 890 
----------------------------~-----
a ~::: B' /967 and B' /1056 for Co(II) and Ni(II) 
complexes respectively. 
0.90 
0.86 
0.90 
0.87 
0.85 
0.84 
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TABLE 14 
Magn~tic_D~ta for Bridged Octahedral Comnlexes 
Qomnoynd 
293 11.47 
296 4.32 
292 4.77 
a Corrected for diamagnetism 
X ~oPr(X103) 
( cgsu) a 
11.70 
4. 54 
5.03 
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M 
(B. M. ) 
5.26 
3.29 
distortions from octahedral symmetry, although the 
v2 absorption may also include the spin forbidden 
3A2~ 1Eg trans1tion72 ,77. The 21,000- 22,000cm-1 
band is assigned to the v3 transition. 
Electronic Spectral Parameters 
Assuming J.'egular oct£ hedral symmetry for the 
complexes, the ligand field parameters 6 and p, can 
be calculated (Appendix II). For the iron(II) and 
nickel(II) complexes, the values of the 5T2~ 5Eg 
and 3A ~ 3T transitions correspond to 6. The 2g 2g 
parameters for the cobalt(II) complex have been calcu-
lated from the energies of the v1 and v3 bands, using 
the equations derived from the energy matrices of 
Tanabe and Sugano39. The values of for the 
bridged octahedral complexes are at the low end of the 
range (6,000- 13,000 cm-1) generallyobserved for the 
divalent ions of the first row transition series in an 
octahedral field78 • 
Magnetic Suscelltibilitie~ 
The magnetic moments lie in the range normally 
observed for high spin octahedral complexes73 • (Table 
14). The instability of the Fe(Me3Aso) 2x2 and 
Co(Me 3As0) 2Br2 compounds prevents the measurement of 
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their magnetic moments. The magnetic moment of 
octahedral Co(Me3Aso) 2cl2 is 5.26 B.M. which can be 
compared with the value of 4.26 B.M. observed for 
the tetrahedral isomer (Chapter 1). In an octahedral 
field cobalt(II) has an orbitally degenerate ground 
state (4T1g) which causes an orbital angular momentum 
contribution to the magnetic moment73 . Nickel(II) 
in an octahedral field has a 3A ground state for 2g 
which no orbital contribution to the magnetic moment 
is expected. However, since the ligand fields 
produced in the Ni(Me 3Aso) 2x2 complexes are weak 
(Table 13) a mixing in of the 3T first excited state 1g 
with the ground state under the action of spin-orbit 
coupling may have an appreciable effect77. Yet the 
values observed (3e3 3.4 B.M.), are still consider-
ably lower than those found for the tetrahedral 
N1(Ph3Aso) 2x2 complexes (3.9- 4eO), which have an 
orbitally degenerate ground state79. 
Infrared Spectra (1 1 000 ~ 200 cm-1} 
The electronic spectra and magnetic moments of 
the isomorphous series of M(Me3Aso) 2x2 (where M = Fe, 
Co and Ni; X = Cl and Br) complexes indicate that 
they must have essentially octahedral and therefore 
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polymeric structures. The insolubility of the 
complexes is consistent with their polymeric nature. 
Polymerisation may be achieved either through the 
halogen or the trimethylarsine oxide functioning as 
bridgtng groups. Polymers of the general formula 
ML 2x2 , for which halogen bridging has been established, 
are known with such ligands as water80 and pyridine81 • 
However in the present work, infrared evidence suggests 
that the M(Me3Aso) 2x2 complexes contain oxo- rather 
than halogen bridges (Figure 6). 
The As-0 stretching frequency for uncoordinated 
trimethylarsine oxide is observed at 870 cm-1 • 
Complex formation lowers the frequency to 855- 866cm-1 
in the five-coordinate c·omplexes (Table 28) and to 
830 - 870 cm=1 in the tetrahedral complexes (Table 8). 
In an octahedral complex containing unidentate Me3As0 
groups the average Y(As-0) frequency is raised on 
coordination to 880 and 866 cm-1 (Table 28). The 
average value of the Y(As-0) band in the spectra of 
the polymeric octahedral M(Me3Aso) 2x2 complexes is 
significantly lower (Table 15 and Figure 7). The 
absorption consists of two components, in the 830 -
860 and 765 - 800 cm-1 regions respectively. The 
difference in energy between the two components is 
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metal sensitive and increases on passing from iron 
(..-v4o cm-1 ) to cobalt (rv6o cm-1 ) to nickel (rv80cm-1). 
For the same metal, the Y(As-0) frequencies are 
-1 
consistently 10 - 20 em higher for the chlorides 
than for the bromides. A weak methyl deformation 
mode usually appears at 837 - 839 cm-1 but does not 
interfere with the assignment of Y(As-0). 
The low average value of the y(As-0) absorption 
suggests that the trimethylarsine oxide is acting as 
a bridging ligand. In complexes where triphenyl-
33 82 83 arsine oxide , py~idine N-oxide and thiourea have 
been definitely established to act as bridging ligands, 
the respective Y(As-0), V(N-0) and Y(O-S) absorptions 
occur at lower frequencies than for related complexes 
in which the ligands are unidentate. For example 
Hg012 (Ph3Aso) 2 and [Hg012 (Ph~sO~ 2 both contain 
mercury in a distorted tetrahedral field of two oxygen 
and two chlorine atoms84, 33 . The Y(As-0) frequency 
for the latter compound32 , which cont!'lins Ph3As0 
bridges, is at 810 cm-1 compared with the value of 
860 ~ 880 cm-1 found for Hg012 (Ph3Aso) 2 which contains 
unidentate arsine oxide groups. Lower Y(As-0) 
frequencies would perhaps be expected for bridging 
arsine oxide groups as a result of a greater electron 
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01 Cl 01 01 
I o"' vo "-I/o"- I/o" I/o' 
Co Co Co Co 
'o/ J"-o/1"-o/ 1"-o/i "-o/ 
Cl Cl 01 01 
(O=Me 3As0) 
a~ Proposed structure for bridged 
octahedral complexes, M(Me 3As0) 2x2 
e.g. M = Co and X= Cl. 
b. Structure of bridged octahedral 
Co(py) 2Cl2 • 
FIGURE 6. Structures of bridged 
octahedral complexes. 
900 800 
-1 em 
700 
O~(M~ 3As0) 2Cl 2 (bridged octahedral) 
Co(Me 3As0) 2o12 (tetrahedral) 
FIGURE Z· Infrared spectra in the As-0 
stretching region. 
Compou.n.d 
Me3AsO 
Fe(Me3As0) 2Cl2 
Fe(Me3Aso) 2Br2 
Co(Me3Aso) 2Cl2 
Co(Me3Aso) 2Br2 
Co(Me3As0) 2 (NCS) 2 
Ni(Me3Aso) 2Cl2 
Ni(Me3As0) 2Br2 
Ni(Me3Aso) 2 (NCS) 2 
Me3Po 
Ni(Me3Po) 2 (NCS) 2 
a As Nujol mulls 
b Includes 'Y (111-N) 
c V(P-0) 
TABLE 15 
( -1) a Infrared Sp_ectra of Bridged QctahE;Q.ral _Cgm__:Q]_~_xes_ em ·-
'}__ (As-0) )i{H-0) V (M-X) Other Bands 
(500 - 200 cm-1) 
870s 
- -
266m 
847s, 802m 395s, 360w sh 241m 289m 
830s, 787m 7;:, ~ls 343w sh _:.,_;.... , - 286m 
850s, 789m :!tOOs, 355w sh 240m 289m 
833s, 775m 399s, 355w sh - 273m 
841s, 771m 3,97s 
-
280m br b 
861s, 778m ~~4'( js 255m 293m 
846s, 765m 41 Os, 355w sh 
- 291m 
850s, 774m J-!-25s, 390w sh 
-
302mbr b 
1166s c 
- - 375sh, 363m, 315m, 
242w 
1137m, 1 083s L~5s, 409sh 259m 377m, 359m, 328w 
..... ---~·--
\.)1 
.+=-
TABLE 16 
Infrared Frequencies (cm-1J. of the thiocyanate grouP. 
in related metal complexes 
Complex V ( C-N} V( C-8) b (NCS) NCS 
Type a 
Co(Me3AsO)z_(NCS) 2 2073 b 480 N 
Ni (Me 3As0)2(NCS) 2 2090 b 481 N 
Ni(Me3Po)z_(NCS) 2 2090 807 480 N 
Co(tu) 2 (NCS) 2 2072 816 N 
Ni(tu) 2 (NCS) 2 2088 812 N 
Co(etu) 2 (NCS) 2 2113 787 B 
Ni(etu) 2 (NCS) 2 2128 777 B 
Ni(etu) 4 (NCS) 2 2060 790 N 
Ni(tam) 2 (NCS) 2 2118 779 466 B 
Co(py) 2 (NCS) 2 2099 787 468,472 B 
Co(py) 4 (NCS) 2 2072 801 4 78, 481 N 
Ni(py) 2(NCS) 2 2100 782 466,4 74 B 
Ni(py) 4 (NCS) 2 2079 800 478,483 N 
a Nitrogen bonded (N) or M-NCS-M bridged (B) 
b 
obscured by Y(As-0). 
c This work. 
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Ref. 
c 
c 
c 
83 
63 
63 
63 
83 
87 
88 
88 
88 
88 
donation from the oxygen atom and a subsequent 
increased reduction in the n component of the As-0 
bond. 
Thiocyanate ComQlexes 
Trimethylarsine oxide reacts with cobalt(II) and 
nickel(II) thiocyanates to form complexes of the type 
The similarity in the band 
profiles of the Y(As-0) absorptions in the infrared 
spectra of the M(Me3Aso) 2 (NCS) 2 and M(Me3Aso) 2x2 (X= 
Cl and Br) (Figure 7) ~ indicates that the Me 3As0 is 
also acting as a bridging group in the thiocyanate 
complexes. The electronic spectra of the thiocyanate 
complexes (Table 12) are t~pical of high-spin octa-
hedral compounds and similar to those observed for 
the corresponding halide complexes, although bands are 
displaced to higher energies due to the increased 
ligand field strength caused by the introduction of 
the thiocyanate group. 
Confirmation that the thiocyanate must therefore 
be unidentate is obtained from the thiocyanate infra-
red frequencies. Although in the arsine oxide 
complexes Y(c-s) is obscured by Y(As-o), it can be 
observed in the analogous phosphine oxide complex 
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The similarity in the electronic 
spectra of Ni(Me3Aso) 2(NCS) 2 and Ni(Me3Po) 2 (NCS) 2 
indicates that they must have similar structures 
(Table 12). 
The Y(C-N), ~(c-s) end Y(NCS) frequencies, which 
-1 
occur at 2070 - 2090, 807, and 480 em in the spectra 
of the ML 2 (NCS) 2 oxo-complexes (Table 16) lie in the 
range generally expected for nitrogen bonded thio-
cyanates. For sulphur bonded thiocyanates Y(c-s) 
and Y(NCS) occur at lower frequencies (690 = 740 and 
400 ~ 450 cm=i respectively63 , 64,B5). While it is 
more difficult to differentiate between M-NCS and 
M-NOS-M thiocyanate types it appears that the C-N 
stretching frequencies are usually found below 2100cm-1 
for the former and above 2100 cm-1 for the latter86 • 
The respective 0-8 ranges for nitrogen bonded and 
bridged thiocyanate are 790 - 860 and 740 - 790 cm-1 
63 Also included in Table 16, are infrared data for 
related pyridine and thiourea complexes for which the 
mode of thiocyanate coordination (N bonded or bridged) 
has been definitely established. Comparison of the 
frequencies confirms that the thiocyanate is unidentate 
in the M(Me3Asr) 2 (Ncs) 2 octahedral complexes. 
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Infrared Bnectra {500 - 200 cm-1 
In accord with the octahedral structures of the 
M(Me3Aso) 2cl2 (M =Fe, Co, Ni) com~ounds the metal-
chlorine stretching vibrations occur between 240 and 
-1 260 em 1,2,3 The corresponding metal-bromine 
-1 frequencies must lie below 200 em • For the thio-
cyanate complexes the Y(M-N) absorptions are obscured 
by ligand bands occurring in the 250 - 300 cm-1 
region. A band at 259 cm-1 is assigned to the metal-
thiocyanate mode in the phosphine oxide complex 
Ni(Me3Po) 2 (NCS) 2 . Bands assignable to metal-ligand 
-1 
stretching modes occur in the 350 - 400 em range. 
The V(M-~ absorptions generally consist of a strong 
band with a weak shoulder at lower energies. For a 
structure in which successive metal atoms are bridged 
by pairs of oxygen atoms, two metal-oxygen infrared 
bands would be expected89 . The observation of one 
Y(M-01) band (although another could possibly occur 
below 200 cm-1) is consistent with a trans arrangement 
of chlorine atoms. As has been observed in other 
20 90 
systems ' the Y(Ni-0) and V(Ni-01) frequencies are 
higher than the analogous vibration frequencies for 
the cobalt and iron complexes. 
The metal-halogen, metal-thiocyanate and metal-
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oxygen stretching vibration bands do not appear to 
be of value in indicating whether the groups concerned 
are terminal or bridging. The octahedral polymeric 
Mpy2c12 (M = Fe, Co, Ni) complexes could be regarded 
as reference chlorine-bridged compounds. However, 
the Y(M-Cl) and V(M-N) bands which occur in the 200 -
250 cm-1 region90 , overlap. The spectra of a number 
of complexes containing bridged (M-NCS-M) or unidentate 
(M-NCS) have been reported, but for the same metal the 
difference in the bridging and terminal Y(M-N) 
frequencies is insignificant88 . Comparison of metal-
oxygen frequencies for related bridged and terminal 
systems is complicated by the )(M-0) modes not being 
pure. However both the metal-oxygen and metal-halogen 
modes show the usual variations with coordination 
Table 17 lists the V(M-X) and Y(M-0) 
frequencies for the octahedral and tetrahedral isomers 
Both frequencies are displaced to 
lower energies as the coordination number is increased 
from four to six. 
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TABLE 17. 
Low Freg uenc;¥ I nf.r.a.red 8J2ectrtY_Pa ta { cm:,1) for 
Co(.Me3Aso}.2x2 ComJ2lexes 
Complex V(Co-0) )J (Co-X) 
tet-Co(Me 3Aso) 2cl2 429 296, 280 
oct~Co(Me 3As0) 2 ci 2 400, 355sh 241 
tet-Co(M~3Aso) 2Br2 427 234, 222 
oct-Co(Me3Aso) 2Br2 399, 355sh < 200 
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Trimethylar~ine Sulnhide Comnlexes 
Trimethylarsine sulphide reacts directly with the 
divalent perchlorates and halides of iron and nickel, 
giving complexes of the type [M(Me3AsS)l~ (Clo4)2 and 
The iron(II) perchlorate 
complex shows no tendency to be oxidised by air and 
the halides are only oxidised slowly. The complex 
Ni(Me3AsS) 2c1 2 is difficult to isolate since the mono-
adduct Ni(Me3AsS)Cl2 crystallises preferentially, even 
from solutions containing a large excess of arsine 
sulphide. Trimethylarsine sulphide complexes with 
manganese(II) perchlorate~ as evidenced by the lower-
ing of the ~(As-S) frequency, but unreacted components 
could not be eliminated from the product~ With 
copper(II) salts and trimethylarsine sulphide, immediate 
reduction to copper( I) occurs ( p. 11b ) • 
x~ray powder photographs show the compounds 
Fe(Me3AsS) 2cl2 and Ni(Me3Ass) 2X2 (X= Cl,Br) to be 
isomorphous to the analogous tetrahedral cobalt 
The similarity of the powder 
photographs of the perchlorate complexes [M(Me3Ass) 4J (0104)2 
(M = Fe, Ni) suggests that they have the same basic 
structure. 
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TABLE 18 
a 
Electronic Spectra of Tetrahedral Fe(II) and Ni(II) Complexes 
Compound 
[Fe(Me3Ass) 4 ](Cl04 ) 2 
Fe(Me3AsS) 2cl2 
Fe(Me3AsS) 2Br2 
[Ni(Me~ss) 4J(Clo4) 2 
State 
ref'l. 
KBr 
refl. 
refl. 
MeN0 2 
refl. 
5~700(br) 
5, 600(br) 
"'4,300 (br) 
"' 4 9 300 ( br) 
1 c V_, 
-\_ 
14,450(214), 13,260(200) !l' 10,800(wsh), 8,400(18) 
21,300c, 14,950, 13,900, 11,500, 8 5 200, 4,600 
Ni(Me3AsS) 2cl2 MeNo2b 
ref'l. 
15, 900 ( sh), 15, 2 70 ( 1 73), 13,970 ( 1 73) , 1 0, 200 ( w sh), 8, 930 (44) 
24~900c, 14,800(br), 10,200(sh), 8,900 
Ni(Me3AsS) 2Br2 
Ni (Me3AsS) c12 d 
MeN02 
refl. 
ref'l. 
14,990(199), 13, 700(s sh), 9~8SO(wsh), 8,900(59) 
22 9 900c, 14,500, 13,600(ssh), 9l1500(wsh), 8,800, 4,300 
21,7009 12,500, 11 ,ooo(sh), 7,500(br). 
a Molar extinction coefficients in parentheses 
b Plus excess ligand 
c Shoulder on charge transfer band 
d Octahedral complex 
0'1 
1\) 
The rapid oxidation in solution of the iron(II) 
compounds prevents the measurement of their solution 
spectra. For the nickel(II) complexes solution and 
reflectance spectra are similar, although for the 
relatively unstable Ni(Me3AsS) 2cl2 complex which 
shows ligand dissociation in solution, free ligand 
was added to restore band intensities to their maximum 
values. 
The electronic spectra of the [M(Me3Ass) 4] (Clo4) 2 
and M(Me3AsS) 2x2 (X= Cl,Br) complexes are tYPical of 
tetrahedral iron(II)91 and nickel(II)92 compounds. 
~able 18 and Figures 3,5) The reflectance spectra of 
the iron complexes show one broad band, at 5700 cm-1 
~1 for the perchlorate and about 4300 em for the 
halides (Table 18). As expected for tetrahedral 
iron(II), the absorptiorta occur in the near-infrared 
region and can be assigned to the 5E -7 5T2 tranai tion, 
which corresponds to 6 , the ligand field strength 
parameter73 ,91 • 
The intensities and energies of the electronic 
spectral bands of [Ni(M~ss) 4] (Clo4) 2 and Ni(Me3AsS) 2x2 
are indicative of tetrahedral coordination. The 
bands at 13pOOO- 15,000 cm-1 (6 = 170- 220) may be 
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assigned to the 3T1 (F) -:-t 3T1 (P), (Y3) transl tion 
while those at 8000- 9000 cm-1 (€ = 18- 60) to the 
3T 1 (F) --7 3 A2 (F) , ( v2) transition (Figure 8) . Bands 
-1 at about 4500 em can probably be assigned to the 
3T1 (F)~3T2 (F), (Y1) transition79 , 92 • The ratio 
of the Y3 to Y2 band intensities for [Ni(Me3Ass) 4](Cl04 ) 2 
is about 12 and decreases to 3- 4 for the halides. 
In regular tetrahedral nickel complexes, Yz is usually, 
J 
1 0 - 20 times moJ.~e intense than Y 2 92 • This is in 
agreement with the fact that in a strong field limit 
v3 remains a one electron transition while y2 becomes 
a two electron transition. However 9 with the 
introduction of low-symmetry components of the ligand 
field, as in the Ni(Me3AsS) 2x2 complexes, the intensity 
of v2 relative to v3 increases93 • 
The electronic reflectance spectrmn of 
Ni(Me3As8)Cl2 indicates that it has an essentially 
octahedral structure. The three main bands at 7,500, 
12,500 and 21,700 cm-1 can therefore be assigned to 
the 3A2g-1 3T2g' 3A2g-1 3T1g(F) and 3A2~ 3T1g(P) 
transitions respectively72 ,77. 
Electronic Spectral Parameters 
The effects of spin-orbit coupling are more 
important in tetrahedral nickel(II) complexes than 
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in cobalt(II) or iron(II) complexes73 . Thus 
Goodgame et al9 2 found that calculations using the 
Tanabe and Sugano matrices39, in which spin-orbit 
coupling is ignored, gave unlikely 6values. The 
ligand field parameters for [Ni(Me3Ass) 4J (0104) 2 
have therefore been calculated using the matrices 
of Liehr and Ballhausen94, which include the spin-
orbit parameter, A • The parameters were adjusted 
using a computer (Appendix II) until reasonable agree-
ment between the observed spectra and the calculated 
(.) 
energy levels w~s obtained (Table 19). The values 
of :6. and B 9 so obtained were 411 0 cm-1 and 670 ern - 1 
respectively. The low B' value is in agreement with 
that obtained for the analogous cobalt complex 
[oo(Me3Ass) 4J (0104) 2 (Table 20). 
The calculations indicate that the observed 
splitting of the 3T1 (F) -7
3T1 (P) , ( y3) absorption 
(1190 cm-1 ) is greater than that predicted (N 550 crn-1) 
on the basis of spin-orbit coupling alone and that the 
weak shoulder at 10,800 crn-1 can be assigned to spin-
forbidden transitions to components of the 1n state. 
Transitions to components of the 1G state appear to 
be obscured by the Y3 band and by a charge transfer 
band .. 
d8 CONFIGURATION . ' 
Td SYMMETRY 
B ::~ 560 CM~ 1 
\= -250 CM-1 
At 
600 400 300 
Dq 
10000 
5000 
FIGURE BoCalculated energy levels for Ni(II) in a tetrahedral 
field with spin-orbit couplingo (ref. 95). 
TABLE 12 
ComRarison of observed and calculated electronic spectra 
for [Ni(Me3Ass) 4J (c1o412 with~~· 4110 1 B' = 674 and 
-1 A :::: -2,20 em .. _ 
Observed a Calculated Assignment of 
(cm-1 ) ( cm-1) .l.J:rmer level b 
4,177 
4,249 3T2(F) 
4,298 
4,499 
8,400 8,396 } 3A2(F) 
10,287 } 1T2(D) 1 0, 800 10,655 1 E (D) 
13,260 13, 6oo 
13,649 3T1(P) 
13,985 
14,450 14,154 
16,116 1 T2 (G) 
17,573 1 T1 (G) 
1 7, 592 1 A1 (G) 
19,704 1 E (G) 
a Solution spectra 
b See Figure 8. 
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TABLE 20 
Electronic Snectral Pnra!'[leters for ... the tetrahedral 
Complex 
[co(Metss) 4J(Cl04) 2 
[Ni(Me3Ass) 4](Cl04) 2 
5, 700 
4,110 
B' 
(cm-1) 
600 
670 
(3 a 
0.62 
0.64 
a~= B'/B, B is taken to be 967 and 1056 cm-1 for 
the free Co and Ni ions respectively. 
TABLE 21 
Magnetic Data for Tetrahedral Fe(II) a~d Ni(II} ComRlexes 
Compound 
(Fe ( Me3AsS) 4) ( 0104 ) 2 293 
:Fe(Me3AsS) 2Br2 291 
[ N i ( Me 3A s S ) 4] ( G 10 4 ) 2 293 
N1(Me3AsS) 2Br2 293 
Ni(Me3AsS) 012 b 294 
a Corrected for diamagnetism 
b Octahedral complex 
1 o. 56 
10.80 
4.04 
4e67 
4. 71 
/(~orr (X 1 03) 
( cgsu) a 
11.03 
11 • 07 
4.51 
4. 9L~ 
4.86 
j). 
(B. M) 
5.10 
5.10 
3.27 
3.42 
3.39 
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Magnetic SusceRtibilities 
The magnetic moments of [Fe(Me3As8)4] (Clo4) 2 
and [Ni(Me3Ass) 4J (0104 ) 2 are 5.10 B.M. and 3.27 B.M. 
respectively. Both these values lie below the 
ranges generally observed for tetrahedral iron(II) 
96) ( ) ( 78,79) (5.2 - 5.4 B.M. and nickel II 3.5 - 4.2 B.M. • 
However, distortions from tetrahedral symmetry and 
delocalisation of the d electrons will tend to reduce 
the magnetic moments73 •96 ,97. The low~ value 
observed for the nickel complex suggests that the low 
moments can be related to the effects of metal-ligand 
covalency. 
Infrared Spectra 
Apart from a reduction in the Y(As-S) frequency, 
the main ligand bands are not significantly displaced 
upon coordination. The perohlorates show strong 
single absorptions at 1100 and 624 cm-1 , consistent 
with the presence of the uncoordinated perchlorate 
The Y(As-S) absorptions for tetrahedral 
Ni(Me3AsS) 2cl2 and octahedral Ni(Me3AsS)Cl2 both occur 
-1 
at 444 em , suggesting that the latter complex 
contains unidentate rather than bridging arsine 
sulphide groups (see p.~1 ). Thereforep as postulated 
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for the analogous pyridine complex NipyC1 2
98
, poly-
merisation is probably achieved through bridging 
chlorine atoms. 
As for the cobalt complexes (Table 8), bands in 
6 -1 the 2 4 - 311 em region of the spectra of the 
tetrahedral iron and nickel complexes (Table 22) can 
be assigned to metal-ligand stretching vibrations. 
The anomalous solid state spectrum (500- 200 cm-1 ) 
of [Ni(Me3Ass) 4](Clo4)2 could arise from the coupling 
of a lattice mode with P(M-S), since in solution the 
spectrum is similar to those observed for the other 
tetrahedral [M(Me3Ass)J 
2
+ complexes (Table 23). 
Electronic spectra indicate that the complex has a 
tetrahedral str•ucture in both the solution and in the 
solid state (Table 18). The observation of two 
y(M-S) bands for the [M(Me3Ass) 4](Cl04) 2 complexes 
can probably be related to the non-linearity of the 
M-8-As linkage (seep.~~). For the chloride com-
plexea, y(M-01) and v(M-8) occur at similar frequencies, 
thus preventing their separate assignment. However 1 
V(M~Br) are found below V(M-8) for the bromidesJ in 
the range (200- 250 cm-1) generally expected for 
tetrahedral complexes2 •3. 
Table 23 lists the ~(M-S) frequencies for the 
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TABLE 22 
Infrared Spectra of Tetrahedral ]i'e {I I) and Ni (I I) Trimethyl-
8 (cm-1\ a arsine ulphide Comnlexes _ l 
Compound t.(As-8) Y(M-8) V(M-X) 
[Fe(Me3As8) 4)(Cl04) 2 4298 310mw 290m 
Fe(Me3As8) 2cl2 440s (318e, 299s, 268m, 259m) b 
Fe(Me3As8) 2Br.2 439s 284m, 264mw 245m 
[Ni(Me3Ass) 4 J(Cl04) 2 438s, 430s 342m, 282m, 274m 
445s, 438s 311m,292m0 
Ni(Me 3As8) 2cl2 444s (320m, 302s, 288s, 272sh)b 
Ni(Me3As8) 2Br2 445s 311m, 290m, 233s,225sh 
Ni( Me3As8) .?12,d 444s (250s, 223m) b 
a As Nujol mulls 
b V(M-8) + Y(M-Cl) 
c Values for nitromethane solution 
d Octahedral compJ~x. 
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TABLE 22 
' 
Y(M-8) Frequencies for [M(Me3Aes) 4](0104 ) 2 complexes
8 
Complex V(M-S) 
[Fe(Me3Ass) 4J (0104 ) 2 310, 290 
[co(Me3Ass) 4](olo4 ) 2 312, 294 
( 31 2, 295) 
[Ni(Me3AaS) 4J (0104 ) 2 3L~2, 282, 274 b 
( 311 , 292) 
[zn(Me3AeS) 4J (0104 ) 2 287 
(289, 277 sh) 
a Values for nitromethane solutions in parentheses, 
b Anomalous spectrum (see text). 
[M(Me3As8) 4] 
2+ (M = Fe, Co, Ni and Zn) series of 
complexes. Apart from the lower values for the zinc 
complex, there appears to be no significant difference 
in the Y(M-8) frequencies. In contrast, in the 
MX4 
2
- anions, the Y(M-X) frequencies follow the 
order62 , Fe < Co ) Ni ) Zn, which is the order of the 
tetrahedral ligand field stabilization energies. 
Undoubtedly the bituation is complicated in the arsine 
sulphide complexes by the Y(M-8) vibrational modes 
not being pure. The metal-sulphur stretching frequen-
( 6 -1) cies 330 - 2 4 em observed in the present work lie 
well within the range observed for these modes in an 
increasing number of monodentate thio-ligand complexes 
( 350 ~ 200 cm-1)61 ,87,99,100,101" 
Comparison of Me3As0 and Me3As8 Halide Complexes 
The particular complex. isolated from a reaction 
system depends on a number of factors such as ateric 
and electronic effects, ligand polarizability and 
crystal packing. The formation of tetrahedral com-
plexes is considered to be favoured by large, easily 
polarized ligands and by a metal ion which has a symmet-
rical shall of non-bonding d electrons in a tetrahedral 
field (i.e. d7 and d10) 102 •103. Thus the sulphide 
ligand gives tetrahedral complexes, M(Me3AsS) 2x2 
(Table ~1,) 9 although special structural factors can 
73 
interve.ne as must be the case with octahedral 
With the presumably less polarizable 
oxo-ligand, the stereochemistry of the M(Me3Aso) 2x2 
complex appears to be more dependent on the metal 
atom, both tetrahedral and bridged octahedral complexes 
being isolated (Table 24)o 
The formation of octahedral and tetrahedral 
isomers is not common although the pyridine complex 
Co(py) 2cl2 is known to exist as either an octahedral 
polymer with bridged chlorines, or as a tetrahedral 
monomer. The tetrahedral form is stable in solution 
but gradually reverts to the octahedral form in the 
crystalline state102 • With cobalt bromide only 
tetrahedral Co(py) 2Br2 has been isolatea
102
• In 
contrast both the Co(Me3Aso) 2cl2 isomers are stable in 
the solid state, and both an unstable octahedral as 
well as a stable tetrahedral isomer of Co(Me3Aso) 2Br2 
exists. Only an octahedral form of Co(Me 3Aso) 2 (NCS) 2 
could be isolated. 
The bridged octahedral complexes Co(Me3Aso) 2x2 
(where X = NOS, Cl, and Br) all dissolve in nitromethane 
to give tetrahedral monomers, indicating that solid 
state effects must be important in stabilizing the 
polymeric M(Me3Aso) 2x2 compounds. 
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TABLE 241 
a 
Complex Structure Comment 
Fe(Me3Aso) 2x2 bri. oct. oxidised in MeN0 2 
Co(Me3Aso) 2cl2 bri. oct. solid stable, tetrah in MeNo 2 
tetr. stable in solid and 
solution 
Co(Me3Aso) 2Br2 bri. oct. solid rapidly conver tetrahedral isomer i 
tetrahedral in MeN02 
tetr. stable isomer 
Ni(Me3Aso) 2x2 bri. oct. insoluble in common (X = Cl,Br) solvents 
Zn(Me3Aso) 2x2 tetr. (X = Cl, Br) 
a All bridged octahedral complexes isomorphous, all 
tetrahedral complexes isomorphous. 
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CHAPTER 3 
HIGH-SPIN FIVE-COORDINATE ~L5j 2+ AND [ML4(clo4)]+ 
COMPLEXES WITH TRIMETHYLARSINE OXIDE 
INTRODUCTION 
Although examples of five-coordinate first row 
transition metal complexes with polydentate ligands 
are becoming increasingly common, examples of 
corresponding complexes with monodentate ligands are 
few and ML5 complexes with identical ligands are 
limited to low-spin species such as Fe(Co) 5 
104, 
[Co ( CNOH3) 5] + 
105, [ Ni (P ( OCH) 3 ( CH2) 3) 5] 
2+ 1 06, and 
(Ni(CN) 5]3-
107, and [cucl5]3-
108 which has a d9 
configuration. In this chapter the first high-spin 
[ML5]
2+ complexes of divalent manganese, cobalt and 
nickel have been prepared wi·th trimethylarsine oxide 
and their spectroscopic and magnetic properties 
investigated. A related series of [ML4(clo4)J+ 
complexes (M = Mn,Fe,Ni and Cu) are also described. 
The two idealized geometries of five-coordination, 
the trigonal bipyramid and the square pyramid (Figure 
9a), practically never occur& In the case of the 
ML5 trigonal bipyramidal complexes [co(CNCH3) 5]+~ 
[Ni(P(OCH) 3 (cH2) 3) 5] 
2+ 9 [Ni(CN) 5] 3- and [cuc15J 3-, 
the axial bonds are shorter than equatorial bonds 
105-108 In square pyramidal complexes of transition 
elements the axial bond is normally longer than the 
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equatorial bonds and the metal atom lies above the 
basal plane. c4v symmetry is closely attained in 
(Ni(CN) 5]3-
107 and [co(Ph2MeAs0) 4 (cl04)]+i09. 
There are many examples of distorted trigonal 
bipyramidal and distorted square pyramidal complexes 
which involve don.or atoms of more than one type110 •111 . 
Because only small changes are required to pass from 
the trigonal bipyramid to the square pyramid (Figure 
9b), intermediate geometries often occur. Examples 
) 112 113 are Co(Me5dien 01 2 and Co(Et4dien)Cl2 , 
(Me5dien = bis(2-dimethylaminoethyl)methylamine and 
Et4dien = bis(2-diethylaminoethyl)amine ) . 
The actual geometry that is observed for a five 
coordinate complex depends on a number of factors 
such as repulsions between bonding electron pairs, 
ligand field stabilization effects, steric require-
ments of the ligands and packing requirements of the 
crystal. On the basis of electron pair repulsions 
it can be shown11 4 that a trigonal bipyramid is 
slightly more stable than the most favourable square 
pyramid• Irrespective of the d electron configura-
tion (d1 - d9), the calculated ligand field 
stabilization energies favour the square pyramidal 
114 structure rather than the trigonal bipyramid . 
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Only a small distortion is required to interconvert 
the two geometries and the existence of both square 
pyramidal and trigonal bipyramidal [Ni(CN)h] 3-
/ 
an1.ons in the same unit ce11107 is indicative of 
the small energy difference between the two forms. 
Except ror monodentate ligands such as chloride, 
cyan1.de and carbonyl, the steria requirements of 
the ligand probably predominate. Thus [co(Me6trien)Br]+ 
has a trigonal bipyramidal configuration with the 
bromine in an axial position 11 5, while [Ni (5-Cl-salen-
NEt2)] 1.s a distorted square pyramid 116 • (Me6trien = 
tris(2=d1methylaminoethyl)amine and 5-Cl-salen-NEt2 = 
N-~-diethylaminoethyl-5-chlorosalicylaldimine). In 
fact steric crowding by such polydentate ligands around 
the metal ion prevents a six-coordinated configtwation 
being attained11 7. 
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a. Trigonal bipyrarnid 
(D3h) 
Square pyramid. 
(04-V) 
b. Relationship between n3h and 04-v" 
'010 -
I 4-
1 
I 
0 I 0 0~ 
c. Distortion towards square planar. 
fiGURE 9. Geometries for five-coordinate 
species 
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TABLE 25 
Eive-Ooordinate Oomnlex~s from Trimethylarsine Oxid~1l 
[ML] 2+ 5 [ML4 (olo4 )J+ 
[MnL5J ( 0104) 2 [ MnL4 ( 0104)1 0104 
a [ FeL4 ( 0104)] 0104 
[ FeL4 ( Olo4}J BPH4 
[ OoL5J ( 0104 ) 2 b a 
[NiL5J (0104) 2 
[NiL51 (BF4 ) 2 
( NiL4 ( 0104)] 0104 
[ NiL4 ( Olo4}J BPh4 [NiL51(No3) 2 
a [ ouL4 ( 0104)) 0104 c 
a Complexes could not be isolated. 
b Oobalt also forms a tetrahedral (CoL 1 (010 ) 
complex isomorphous with its zinc an~logue4(8hapter 1). 
c A tetraphenylborate could not be prepared. 
RESULTS AND DISCUSSION 
Under anhydrous conditions, the reaction of 
trimethylarsine oxide with the divalent perchlorates 
of the first row transition metals yields a range of 
[M(Me 3Aso) 5](clo4)2 (M = Mn,Co and Ni) and 
~(Me3Aso) 4 (clo4 )] 0104 (M = Mn,Fe,Ni and au) complexes 
(Table 25). The [M(Me3Aso) 5] (0104) 2 compounds are 
best prepared from acetone using a slight excess of 
ligand, while the [M(Me3Aso) 4(clo4)]Cl04 complexes 
are favoured using a deficiency of ligand and ethanol 
as solvent. Since the compounds are generally 
sensitive to atmospheric moisture, especially the 
[M(Me3Aso) 4(olo4)]clo4 series, they were all handled 
in a dry box. Infrared spectra were examined to 
confirm the absence of water" The manganese complexes 
[Mn(Me3Aso) 5](olo4)2 and [Mn(Me3Aso) 4(clo4)]clo4 are 
susceptible to atmospheric oxidation and were therefore 
prepared and stored under nitrogen. Attempts to 
isolate [M(Me3Aso) 5](Clo4)2 complexes of iron, copper 
and zinc, using different solvents, temperatures and 
conditions of crystallization were unsuccessful. 
With zinc, only [Zn(Me3Aso) 4] (0104) 2 , isomorphous with 
its tetrahedral cobalt analogue (p.1~ ) could be 
isolated. However a lowering of the Y(Zn-0) mode 
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-1 -1 from 430 em to about 400 em , when excess ligand 
was added to a nitromethane solution of 
[zn(Me3Aso) 4J(clo4 ) 2 indicated the development of 
higher coordination (p.9~ ). The related nitrate 
and tetrafluorobora ·te compounds [Ni (Me3As0) ~ x2 
(X = No3 and BF4) were also prepared and the isolation 
of the tetraphenylborates [M(Me3Aso) 4 (clo4 )]BPh4 
(M =Fe and Ni) and [Ni(Me3Aso) 4 (No3)JBPh4 was possible. 
X-ray powder photographs show the [M(Me3As0) ~ (ClOJ 2 
(M = Mn, Co and N~) compounds to be isomorphous. The 
close similarity of the photographs of the 
[M(Me3Aso) 4(clo4)]clo4 (M = Mn, Fe and Ni) series 
suggests that the complexes have essentially the same 
structure. 
gives a similar photograph to those from the other 
[M(Me3As0) 4 ( Clo4)J1 Clo4 ,complexes although it shows 
several additional lineso Trimethylphosphine oxide 
also reacts with the d~valent first row transition 
metals to give a series of five coordinate complexes 
isomorphous with their arsine oxide analogues 21 , 131 • 
Electronic SRectra 
The electronic reflectance spectra of the cobalt 
and nickel (M(Me3Aso) 5]x2 complexes (Table 26 and 
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Figure 10) show a marked similarity to the spectra of 
high spin cobalt(II) and nickel(II) compounds which 
are known to be five-coordinate 11 7- 120 • The 
spectrum of (Co(Me3Aso) 5](Cl04) 2 shows a medium band 
at 11,000 cm-1 which distinguishes it from those of 
tetrahedral and octahedral complexes, (o.f. Figures 4 
and 10) while the spectra of the [Ni(Me3Aso) 5]x2 
(X = 0104 , BF4 and No3) differ from those of octahedral 
complexes by absorptions at about 5,000 cm-1 and in 
the 8,ooo- 12,000 
The spectra of the 
-1 ( om region c.f. 
[M(Me3Aso) 5]
2
+ (M 
Figures 5 and 10). 
= Co and Ni) 
complexes more closely resemble those obtained for 
other complexes known from X-ray analyses to have a 
square pyramidal configuration rather than those 
from complexes of the trigonal bipyramidsl class11 9. 
Molecular models sugg~st that a square pyramidal 
structure is favoured due to the steric requirements 
of the methyl groups. Representative spectra from 
the present work are shown in Figure 10, along with 
those of [co(Ph2MeAso) 4(clo4)]Cl04 and 
[Ni(Ph2MeAso) 4(clo4)]Cl04 which are known to have a 
basicaly square pyramidal structure109, 121 . Since 
(Mn(Me3Aso) 5](Clo4) 2 is isomorphous to the corresponding 
cobalt and nickel complexes it must also have a five-
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coordinate structure. 
The same basic structure is suggested for the 
[M(Me3Aso) 4 (olo4~ X (X = 0104 or BPh4) complexes. 
The spectra of [Ni(Me3Aso) 4(olo4D 0104 and 
[Ni(Me3Aso) 4(olo4)]BPh4 are very similar to that of 
[Ni(Me3Aso) 5] (0104) 2 (Figure 10) and the manganese(!!) 
and iron(II) compounds can •reliably be formulated in 
the same manner in view of the close similarity of 
their powder photographs to that of [Ni(Me3Aso) 4(olo4)] 0104• 
The isolat~on of the tetraphenylborates of iron(II) 
and nickel(!!) in itself provides evidence for this 
formulation (Table 25). 
Both the free cobalt(!!) and nickel(!!) ions have 
-1 
an F ground term and some 15,000 em above it a P 
term73. In a square pyramidal (o4v) liga~d field 
the F term splits into the states A2 , B1 , B2 , E and 
123 E while the P term is split into A2 and E • The 
relative energies of these states have been estimated 
for nickel(!!) 123 but not for cobalt(!!), although 
the corresponding calculations for both nickel(II) 123 
and cobalt(II) 11 7 in a trigonal bipyramidal field 
( n3h) have been carried out. Since it appears that 
the complexes described in the present work more 
closely approach o4v symmetry than n3h, detailed 
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assignment of the spectral bands has not been attempted. 
6 -1 However the strong bands in the 17,000- 19, 00 em 
region in the spectrum of [Oo(Me 3Aso) 5] (0104 ) 2 can 
be correlated with the 4F-7 1+p free ion transition and 
the medium bands at 8,500 and 11 ,000 cm-1 to transitions 
from the ground state component of the 4F term to 
higher energy components of the term. Similarly for 
the nickel complexes the strong bands at about 22,000 
em -
1 
may be correlated with the 3F 4 3P free ion 
transitions and the lower energy medium strength bands 
at 8,000- 13,000 cm-1 to 3F intraterm transitions. 
A similar situation occurs for tetrahedral cobalt(II) 
and nickel(II) complexes where the intense band in 
the visible region is always correlated with the 
4F-) 4p and 3F -1 3P free ion transitions respectively 124 a 
The spectrum of [Ni(Me3As0) 4 (No3)] BPh4 is 
significantly different from that of the five coordinate 
[Ni(Me3Aso) 4 (clo4)] BPh4 complex (Table 26). The 
spectrum however is characteristic of nickel in an 
octahedral field and therefore establishes that the 
nitrate is functioning as a bidentate ligand. 
Accordingly the bands, which occur at 7,200, 12,300 
and 23,400 crn-1 can be assigned72 to the 3A2g7 3T2g(F), 
3A2g7 3T1 g(F) and 3A2g-1 3T1 g(P) spin-allowed 
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FIGURE 10. Reflectance spectra of five-
coordinate complexes. 
A. 
B. 
25 20 ., ' '115 10- 9ID-
10 5 
A = [oo(Me 3As0) 5J ( 010 4) 2 ; B = [oo(P,h2MeAs04. ( 0104 )] 
010 4 ; 0 = [Ni(Me 3Aso) 5] (0104 ) 2 ; D = [Ni(lVie 3As0) 4 
(0104 )J 0104 ; E = (Ni(Ph2MeAs0)1, (OlOLL)] 010LL. 
TABLE 26 
Band Maxima f< r Diffuse Reflectance Spectra of Ftve-coordina te Comnlexes (em -i) 
[Fe(Me3Aso) 4 (clo4)1Cl04 
[Co(Me3Aso) 51 (Cl04) 2 
[Ni(Me3Aso) 5J(Clo4) 2 
11, OOOwbr 
19,60os, 18,700s, 17,000s, 11,000m, 8.500mbr 
22,200s, 19,200m, 17,150w, 13,600sh, 11 ,300m, 8,600w bra 
b 22,200(120) 9 19y200shp 17,200sh, 13,600(5), 11 ,300(2q, 8,600sh 
22,1 OOs ~ 19,1 OOm, 1 7 ~ 150w, 1 3, 500sh, 11, 300m, 8, 700w br a 
22,200s, 19p100m, 17,150w, 13,550sh, 11,300m, 8,6oow br8 
[Ni(Me 3Aso) 5](BF4 ) 2 
[Ni(Me3Aso) 5J(No3) 2 
LNi(Me3AsO) 4 (Clo4)J c1o4 
CNi(Me3Aso) 4 (Clo4 )J BPh4 
[Ni(Me3As0) 4 (N0 3 )J BPh4 c 
[Cu(Me3As0) 4 ( Clo4 )J Clo4 
22,300s, 19,400m, 17,200sh, 15,600w, 13,500sh, 11 ,200m 8,600wbr 8 
22,300s, 19,400sh, 17,200sh, 15,400w, 13,400sh, 11 ,300m, 8,600wbra 
23,400m3 13,700sh, 12,300m, 7,200wbr 
17,000sh, 14,500m br 
a For the five-coordinate nickel complexes there is also evidence of a band with maximum 
-1 below 5,000 em • 
b Acetone solution (2.16 x 10-3M), with molar extinction coefficients in parentheses. 
c Octahedral complex. 
OJ 
IJI 
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TABLE 27 
Magnetic Data for Five-Coordinate Complexes 
X m(X1 o3) carr 3 )A Compound T ~ (X1 0 ) . 
(~) ( cgsu) ( cgsu) a (B.M.) 
~n(Me3Aso) 5 ] (C1o4) 2 294 14.93 15.46 6.05 
[Fe( Me3As0) 4 ( C1o4)J C1o4 292 9.93 10.36 4.94 
[Co(Me3As0) ~ ( c1o4) 2 296 9.13 9 .. 65 4.80 
[Ni(Me3AsO)s) (Clo4 ) 2 296 4.97 5.49 3.62 
[Ni(Me3As0) ~ (BF4) 2 293 5.04 5.58 3.63 
QNi(Me3Aso) 4 (cio4)}c1o4 296 4.88 5.32 3.56 
[cu(Me3Aso) 4 (c1o4)]cio4 291 1. 30 1. 73 2.02 
a Corrected for diamagnetism. 
transitions respectively. 
Magnetic Susceptibilities 
The magnetic moments (Table 27) show that all 
the complexes are of the high-spin type, the values 
lying within the ranges observed for other high-spin 
five-coordinate complexes. The value for 
[co(Me3Aso) 5](Clo4 ) 2 (4.80 B.M.) is greater than 
that found for the corresponding tetrahedral complex 
[co(Me3Aso) 4](Cl04 ) 2 (4.66 B.M.), while those observed 
for the nickel complexes (N3.6 B.M.) lie above the 
range usually expected for octahedral nickel(II) 
( 78) 2.9 ~ 3.4 B.M. • 
Infrared Spectra 
The infrared spectra of [Mn(Me3Aso) 5](Cl04 ) 2 , 
[Co(Me3Aso) 5](Cl04 ) 2 and [Ni(Me3AsO)~x2 (where X= 
0104, BF4 and N03) are consistent with the presence 
of the uncoordinated anions. The free perchlorate 
ion belongs to the point group Td and only two 
fundamentals, v3 (T2) and V4 (T2), are expected to be 
observed in the infrared59. Thus the 
[M(Me3Aso) 5j(clo4) 2 compounds show strong single 
bands at :1 ,100 cm-1 C'Y 3) and 624 cm-
1 (Y4 ). A 
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similar situation would be expected for the tetra-
hedral tetrafluoroborate anion but in 
[Ni(Me3Aso) 5 ](BF4) 2 the y3 absorption has two 
components at 1095 and 1050 cm-1 However the 
splitting has been shown to be due to the presence 
of both 10 BF4- and 
11 BF4-
125
,
126
• In a complex 
containing 96% 10B (as uncoordinated 10BF4-) the 
1050 cm-1 component almost disappeared126 . In 
[Ni(Me3Aso) 5](No3) 2 the ')) 3 (E') absorption occurs 
-1 at 1350 em , consistent with the presence of ionic 
( ) 127 nitrate n3h symmetry . 
When the perchlorate anion coordinates as a 
unidentate ligand its symmetry is low~red to c3v 
and a splitting of the degenerate modes is usually 
observed59, 121 . Therefore in the [M(Me3Aso) 4(clo4)J 0104 
(M = Mn, Fe, Ni and Cu) complexes three bands arising 
from the ~3 (T2) mode could be expected in the 
-1 1100 em region, indicating the presence of both 
coordinated and ionic perchlorate groups. Although 
the ~3 absorption is broad there is no conspicuous 
splitting even at 77°K. In the tetraphenylborate 
complexes [M(Me3As0) 4 (0104)] BPh4 (M = Fe and Ni) a 
6 -1 shoulder does appear at 10 5 em • However it is 
recognised that this is not a reliable criterion for 
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anion coordination since such coordination has been 
established for a number of compounds which do not 
show splitting of anion absorptions 128-130 On 
the other hanc) correlations between the degree of 
splitting and the strength of coordination have been 
made128 and on this basis the lack of splitting for 
these complexes indicates a weak association of 
perchlorate. 
In contrast the anion absorptions in 
coordination. On lowering the symmetry of the nitrate 
group from n3h to c2v the V1 (A1) mode becomes infrared 
active and the v3(E') splits 
127. In 
[Ni(Me3Aso) 4(No 3)]BPh4 the nitrate absorption bands 
occur at 1029 ()11), 11+80 and 1295 (V3), and 800 cm.;..
1 
From infrared data alone, it is not possible 
to distinguish between unidentate or bidentate 
nitrate127. 
In the five-coordinate complexes the Y(As-0) 
absorption generally occurs in the 855 - 869 cm-1 
region. For the octahedral complex, [Ni(Me3Aso) 2 (Nb3)]BPh4 
the Y(As-0) absorptions are found at higher frequencies 
(880, 866 cm-1 ) (Table 28). A weak methyl deformation 
-1 
mode at about 840 em does not interfere with the 
89 
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TABLE 29 
y(M-0) Frequencies for [CoL4] 
2+ and [coL5] 
2+ Complexes 
Complex Y(M-0) 
[co(Me3AsO) 4] (c1o4) 2 442, 428 
[co(Me3Aa0) 5] (c1o4) 2 407, 391 
[co(Me3Po) J ( Clo4) 2 460, 448 
[co(Me3Po) 5] (Clo4) 2 409 
TABLE 28 
Infrared Spectra of Five-coordinate Comnlexes (crn-1) 8 
Compound 
Me3As0 [Mn(Me3Aso) 5 ](Clo4 ) 2 [Mn(Me3Aso) 4 (clo4 )JC104 [Fe(Me3Aso) 4(clo4 )JC104 [Fe(Me3Aso) 4 (clo4 )]BPh4 
[Co(Me3Aso) 5J(Cl04 ) 2 [Ni(Me3Asc) 5J(Clo4 ) 2 [Ni(Me Aso) 5J(BF4 ) 2 [Ni(Me~Aso) 5J(No3) 2 
[Ni(Me3As0) 4 (Clo4 )J C104 [Ni(Me3As0) 4 ( Clo4 )J BPh4 [Ni(Me3As0) 4 (No 3) ]BPh4 c (Cu(Me3AsC) 4 ( Clo4)J Cl04 
a As Nujol mulls 
b BPh4 band. 
c Octahedral complex 
Y (As-0) Y(M-0) 
870s 
-
869s, 863s 366m 
868s, 855sh 368m br 
861s 402m br 
855s 415m br 
867s, 857sh 407rn, 391m 
866s 407m 
866s 407m 
866s 408m 
866s 407m br 
864s 41 Om br 
880s, 866s 395sh, 385m 
854m, 833s e 470m 
d Possibly metal-nitrate stretching absorption 
e Contains methyl rocking mode normally observed at 840cm-1 
Other Bands (500 - 200cm-1 ) 
266m 
284m 
306w, 279m 
307m, 283sh 
b 468w , 300m, 279m 
285m 
290m 
291m, 278sh 
290m, 279sh 
283m 
468wb, 293mf 280sh 
468wb, 448md, 323m, 280m 
288m, 268sh 
\.0 
..... 
assignments. The simplicity of the ligand spectrum 
enables additional bands in the 360 - 470 cm-1 region 
to be assigned as metal-ligand stretching vibrations 
(Table 28). Only one such band was usually 
observed, although three could be expected for square 
pyramidal [M(Me3As0) 5] 
2
+ complexes60 and an identi-
fiable perchlorate Y(M-0) absorption for the 
[M(Me3Aso) 4 (clo4)] + complexes might be anticipated. 
It can be seen that lower y(M-0) values arise from 
the five-coordinate [co(Me3Aso) 5] (0104) 2 complex as 
compared with values from the four-coordinate tetra-
hedral [Co( Me3As0) 4] ( 0104) 2 complex (Table 8). Table 
29 also lists the frequencies for the related 
trimethylphosphine oxide complexes21 , 1 31 which show 
the same trends. Assuming the generality of this 
effect, it may be used to distinguish between four-
and five-coordination as mentioned on p.Bl for the 
zinc complex. For the [Ni(Me3Aso) 5] (0104) 2 and 
[Ni(Me3Aso) 4(clo4)]clo4 complexes the Y(M-0) absorp-
tions occur at the same frequency (407 cm-1 ) confirm-
ing that both complexes have the same coordination 
number. Similarly for the manganese complexes 
[Mn(Me3Aso) 5](Clo4)2 and [Mn(Me3Aso) 4(clo4)]Clo4 the 
Y(M-0) frequencies are at 366 and 368 cm-1 respectively. 
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The high Y(M-0) frequency (470 cm-1 ) for the 
{Cu(Me3As0) 4 ( 0104 )1 0104 complex may indicate a 
strengthening of the copper-trimetbylarsine oxide 
M-0 bond resulting from a weakening of the copper-
perchlorate M-0 bond (see Figure 9c). Such a 
distortion from the basic square pyramidal structure 
towards a square planar configuration could account 
for the slight differences between the X-ray powder 
photographs of the copper complex as compared with 
those of the other [M(:Me3Aso) 4 (olo4 )]0104 (M = Mn, 
Fe and Ni) complexes. High Y(M-0) values appear to 
be typical of [cuL4 (clo4 )1clo4 (L = Ph3Aso, 
122 Ph2MeAsO, Me 3Po) complexes • In the Ph2MeAsO 
series additional evidence for weak perchlorate 
association in the copper complex is obtained from the 
perchlorate absorptions. The V 3 (T2) perchlorate band 
is split in the manganese, cobalt nickel and zinc 
121 
conwlexes but not in the copper complex • 
Solution Behaviour 
All the complexes are decomposed in solution 
except [Ni(Me3As0) 51 (0104 ) 2 which is relatively stable 
in acetone. The manganese and iron complexes suffer 
immediate oxidation in nitromethane. The cobalt 
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complex [Co(Me3Aso) 5](Cl04) 2 , when dissolved in 
nitromethane or acetone reverts to the blue tetra-
hedral (co(Me3Aso) 4](ClOL~) 2 derivative. The 
[M(Me 3Aso) 4(clo4)]Cl04 (M = Ni and Cu) complexes 
are completely dissociated in solution, behaving as 
1:2 electrolytes forM= Ni, J\m = 177 (nitromethane), 
( ) -1 -1 2 214 acetone forM= Ou,J\m = 179 ohm mole em. 
(ni tromethane)) [Ni(Me3As0) 5] (0104 ) 2 appears to 
be more resistant to decomposition. The absorption 
spectrum in acetone, although showing some deviation 
from Beer's law, is essentially the same as that of 
the solid. The spectrum is unaffected by the addition 
of excess ligand. The compound is a 1:2 electrolyte 
in this solvent (f\n = 226 ohm-1 mole-1 em 2 .) In 
nitromethane the compound shows spectral changes 
probably associated with partial dissociation, which 
can be prevented by the addition of excess ligand. 
The octahedral [Ni(Me 3Aso) 4(No3 )]BPh4 complex 
is stable in nitrornethane solution and behaves as a 
(A -1 -1 ' 2 1:1 electrolyte m = 89 ohm mole em )o 
Comparison With Related Complexes 
From the wide range of complexes with oxo-ligands 
now available, it appears that the [M(Me3Aso) 5]
2+ 
(where M = Mn, Co and Ni) are the first examples of 
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five-fold coordination with identical oxo-ligands. 
Trimethylphosphine oxide forms analogous[M(Me3Po) 5]
2+ 
complexes which have been studied by Miss S.H. Hunter 
21, 131 and it appears from a 
that diphenylmethylphosphine 
21 preliminary examination 
oxide [M(Ph2MePo) 5]
2+complexes 
(where M = Fe, Co, Ni and Zn) can also be isolated. 
Although complexes of composition Zn(Me2so) 5 (clo4) 2
132 
and Cd(Me2so) 5(clo4) 2 
133 have been reported, no 
evidence for five-coordination beyond the elemental 
analysis is presented. The trimethylphosphine and 
arsine oxides are apparently sufficiently small to 
enable five-fold coordination, but bulky enough to 
prevent six-coordination as found for other smaller 
oxo-ligandsp such as pyridine N-oxide134 and dimethyl-
This is further indicated by the 
fact that the spectrum of the [Ni(Me3Aso) 5](Cl04)2 
complex is unaffected by excess ligand. 
The [M(Me3Aso) 4 (Cl04)]Cl04 (M = Mn, Fe, Ni and 
Cu) complexes may be added to the number of complexes 
of compositio1. type ML4(clo4) 2 , which are now known 
to be five-coordinate. It may be recalled that the 
cobalt and zinc trimethylarsine oxide ML4(clo4)2 
complexes have a four-coordinate tetrahedral structure. 
Table 30 lists the five-coordinate [ML4(clo4)J 0104 
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oxo-ligand complexes. There is evidence that all 
the copper complexes are distorted towards a square 
planar configuration (p.~3 ). 
It is interesting to consider the tendencies 
of the five-coordinate complexes to exhibit coordine.-
tion numbers other than five. [M(Me3Aso) 6l
2
+ 
complexes could not be obtained but in association 
with a small bidentate ligand an octahedral complex 
In contrast 
the tetrahedral perchlorate ion acts only as a mono-
dentate ligand in the [M(Me3Aso) 4(clo4)J+ complexes. 
While (Ni(Me3Aso) 5](Cl04)2 is relatively stable in 
acetone, [Co(Me3As0) 5J (0104) 2 dissociates to the 
tetrahedral [Co(Me3Aso)J (0104)2 compound. With the 
polyamine Et3dien, however, it 1s the five-coordinate 
cobalt complex that appears to be more stable. In 
acetone both Co(Et4dien)Cl2 and Ni(Et4d1en)Ol2 are 
five-coordinate but in the solid state the nickel 
complex is square planar120,i 24. Such differences 
in behaviour appear to be related to the possible 
derived species. 
In view of its similar shape to trimethylphosphine 
and arsine oxides, trimethylamine oxide might also be 
expected to form five-coordinate complexes. In this 
work attempts to isolate such complexes gave only 
136 the previously reported four-coordinate complexes • 
The ability of the amine oxide to form six-coordinate 
complexes, indicates that an [M(Me3No) 5] species may 
not be stabilised by steric interactions as is 
postulated for the arsine oxide ligand. The addition 
of excess ligand to [oo(Me3No) 4J 
2+ and [Ni(Me3No) 4] 
2+ 
in nitromethane, produces spectral changes indicative 
of higher coordination, but complexes could not be 
isolated from these solutions. Similarly, it was 
not possible to isolate five-coordinate complexes 
using hexamethylphosphoramide, (Me2N) 3Po, which like 
Me 3No produces both four- and six=coordinate complexes 
22,137 
e 
The related thio-ligand~ trimethylar~ine sulphide, 
shows no tendency to give [ML5]
2+ complexes. The 
spectra of the tetrahedral [Co(Me3Ass) 4] 
2+ and 
[Ni(Me3Ass)J 2+ species in nitromethane are unaffected 
by the addition of excess ligand. This may be related 
to steric factors or the larger polarizability of the 
sulphur, and presumably more covalency, which are 
considered to favour a tetrahedral structure102 , 103. 
Six sulphur atoms can be accommodated around the 
nickel(II) ion as in [Ni(etu) 6](Clo4) 2 but in the 
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absence of solid state effects the complex dissociates. 
In acetone solution, for example, an equilibrium 
between a square planar and an octahedral species 
occurs4 7. 
[Ni ( etu) 6] 
2+ + 2etu 
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TABLE 3Q 
Ligand Metal Ref'. 
Me 3Po a Fe, Cu 131 
Me3As0 a Mn, Fe, Cu, Ni c 
Ph2MePO Mn, Fe, Co~ Ni, cu, Zn 122 
Ph2Me.As0 Mn, Fe, Co, Ni, Cu, Zn 121 
Ph3Pob Mn, Fe, Co, Ni, Cu 122 
Ph3As0 b Mn, Fe, Co, Ni, Cu 122 
a For M = Co, Zn only tetrahedral [ML4] ( Clo4) 2 complexes 
have been isolated. 
b For M = Co a tetrahedral complex can also be isolated, 
for M = Zn only a tetrahedral complex has been isolated. 
c This work. 
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CHAPTER 4 
EXPERIMENTAL 
PREPARATION OF COMPLEXES 
Generally the complexes were obtained by direct 
combination of stoichiometric ratios of the ligand 
and metal salt in hot anhydrous ettmnol or acetone. 
The products, which separated on cooling, were washed 
with the solvent followed by dry ether, and dried 
under high vacuum. Where necessary, metal salts 
were dehydrated using ethylorthoformate144. Infrared 
spectra of the complexes were examined routinely to 
confirm the absence of water. Hygroscopic compounds 
were handled in a dry box. 
Metal perchlorates were prepared from the action 
of perchloric acid on the metal carbonate. Similarly 
nickel fluoroborate was obtained from fluoroboric 'acid. 
Ferrous halides were freshly prepared from iron fiiings 
and the appropriate acid. The remaining halides were 
reagent grade sa;nples. Thiocyana tes were obtained 
by precipitating barium sulphate from aqueous solutions 
of barium thiocyanate and the metal sulphate. 
1. Trimethylarsine Oxide Complexes 
Perchloratotetrakie(trimethylarsine oxide)manganese(II) 
Perchlorate 
Manganese perchlorate (0~16g) and trimethylarsine 
100 
oxide ( 0. 24g.) reacted in ethanol under nitrogen to 
give a white complex, which is rapidly oxidised in' 
air and in nitromethane solution. Found: 0, 18.2; 
H, 4.6. c12H36As4cl2Mno12 requires C, 18.1; H, 4.5%. 
Pentakis(trimethllarsine oxide}manganese(II) Perchlorate 
Manganese perchlorate (0.21g~and the ligand 
(0.40g~ yielded white crystals, from acetone containing 
ethylorthoformate. The complex, though reasonably 
stable in air, is rapidly oxidised in nitromethane. 
Found: C, 19.3; H, 4~8. c15H45As5c12Mn013 requires 
C, 19. 3; H, 4. 8%. 
Perchloratotetrakis(trimeth~larsine oxide2iron(II} 
Perchlorate 
A pale buff complex was obtained from ferrous 
perchlorate (0.25g.) and the oxide (0.38g.) in ethanol 
under nitrogen. The use of excess ligand or different 
solvents and temperatures gave the same complex. 
Although not oxidised in air, this complex decomposes 
immediately in nitromethane. Found: 0, 17.5; 
H, 4.6; Fe, 7a3. c12H36As4cl2Feo12 requires C, 18.0; 
H1 4.5; Fe, 7aO%. 
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Perchloratotetrakis(trimethylarsine oxide)iron(II) 
Tetraphenylborate 
This complex was prepared under nitrogen by 
adding ferrous perchlorate in ethanol to trimethylarsine 
oxide and sodium tetraphenylborate dissolved in the 
some solvent. The pale buf~ product which could not 
be obtained analytically pure has an infrared spectrum 
similar to the nickel analogue. 
Dichlorobis(trimcthylarsine oxide)iron(IIl 
Ferrous chloride (0.11g.) and the oxide (0.16g.) 
gave a pale buff powder from ethanol under nitrogen. 
The complex rapidly oxidises in air. Found: o, 17.8; 
H, 4.6; 01, 17.3. o6H18As2ol2Feo2 requires o, 18.1; 
H, 4.5; 01 9 17.8%. 
Dibromobis(trimethylarsine oxide)iron(II) 
In the above preparation using ferrous bromide 
(0.10g.) and the ligand (0.13g.) a pale buff complex 
was precipitated. Similarly it decomposes rapdily in 
air. Found: 0, 15.1; H, 3.7; Br, 32.6. 
o6H18As2Br2Feo2 requires 0, 14.8; H, 3.7; Br, 32.8%. 
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Pen talc is (trimeth~}arsine oxlde) cobalt( I I) Perchlorate 
Cobalt perchlorate (0.23g.) and trimethylarsine 
oxide (Oe47g.) gave mauve crystals, from acetone 
containing ethylorthoformate. The complex is decom-
posed slowly by atmospheric moisture, turning a deep 
blue, and in nitromethane and acetone it decomposes 
to the tetrahedral [co(Me3Aso) 4J
2
+ derivative. 
Found: c, 19.4; H, 4.9; Co, 5.9. c15H45As5cl2Coo13 
requires C, 19.2; H, 4.8; Co, 6.3%. 
Octahedral-dichlorobis(trimethylarsine oxide)cobalt(II) 
I 
This pale blue complex was obtained from ethanol 
solutions of cobalt chloride (0.36g.) and the ligand 
(0.45g.)p or by recrystallising the tetrahedral form 
from the same solvent. The complex shows no tendency 
to revert to the tetrahedral form in the solid state 
and is insoluble in dichloromethane. Found: C, 17.9; 
H, 4.5; Cl 9 17.9. c 6H18As 2cl2coo 2 requires C, 17.9; 
H, 4. 5; Cl, 1 7. 7%. 
Octahedral-dibromobis(trimethylarsine oxige)cobalt(Il) 
A pale blue powder was precipitated by adding ether 
to the tetrahedral form dissolved in hot ethanol. 
Electronic reflectance spectra indicated that the complex 
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still contained a small amount of the tetrahedral 
impurity. The complex readily reverts completely to 
the tetrahedral form when dissolved in nitromethane, 
heated to 100°, exposed to atmospheric moisture or 
ground in the dry box. Found: C, 14.1; H, 3.6; 
Br~ 32.7. o6H18As 2Br2cos 2 requires 0~ 14o65; H, 3.7; 
Br, 32.6%. 
Pentakis(trimethylarsine oxi~)nickel(II) Perchlorate 
Nickel perchlorate (0.22g.) in acetone containing 
ethylorthoformate reacted with trimethylarsine oxide 
(0.42g.) in the same solvent to give hygroscopic orange 
crystals. Found: C, 19.15; H, 4.8; Ni~ 6.3 
c15H45As5cl2Ni013 requires C, 19.2; H, 4.8; Ni, 6.3%e 
Pentakis(trimethllarsine oxide}nickel(II) Fluoroborate 
In the above preparation using nickel fluoroborate 
(0.20g.) and the ligand (0.42g.) hygroscopic orange 
crystals were obtained. Found: o, 20.0; H9 5.4. 
c15H45As5B2F8Nio5 requires 0, 19.2; H, 4o9%. 
Pentakis(trimethylarsine oxide)nickel(II) Nitrate 
Using nickel nitrate (0.11g.) and the oxide 
(0.24g.) the above preparation yielded very hygroscopic 
1~4 
orange crystals. Found: C, 20.5; H, 5.8. 
c15H45As 5N2Nio11 requires .0, 20.9; H, 5.2%. 
Perchloratotetrakis{trimeth;ylar~Jne oxide}nickel(II) 
Perchlorate 
Nickel perchlorate (0.20g.) and trimethylarsine 
oxide (0.28g.) reacted in ethanol containing ethyl-
orthoformate to give a hygroscopic yellow powder. 
Found: C, 18.0; H, 4.6; Ni, 7.6. c12H36As4cl2Ni012 
requires C, 18.0; H, 4.5; Ni, 7.3%. 
~erchloratotetrakis(trimethylarsine oxide)nickel(II~ 
Tetraphenylborate 
Sodium tetraphenylborate (0.15g.) and the oxide 
(0.25g.) in ethanol were added to nickel perchlorate 
(0.17g.) in the same solvent with ethylorthoformate. 
A yellow product was precipitated. Found: 0, 43.0; 
H, 5.6. c36H56As4Bc1Ni08 requires C, 42.3; H, 5.5%. 
Nitratotetrakis(trimethylarsine oxide)nickel(II) 
Tetraphenylborate 
In the above preparation using sodium tetraphenyl-
borate (0.16g.), the ligand (0.25g.) and nickel nitrate 
(0.14g.) a yellow powder was obtained. Found: 
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0, 45.0; H, 5.8. c36H56AsL~BNNio7 requires 
O, 43.9; H, 5.7%. 
Dichlorobis{trimethY.lar~ine oxidc2nickeltiiL 
From ethanol solutions of nickel chloride (0.18g.) 
and trimethylarsine oxide (0.19g.) a pink complex was 
obtained. Traces of solvent in the product were 
removed by heating to 100° in vacuo. The complex 
is insoluble in nitromethane, dichloromethane, alcohol, 
acetone and dimethylformamide. Found: 0 , 1 8 • 3; 
H, 4.6; 01, 17.7. c6H18As 20l2Ni02 requires 
C, 17.9; H, 4.5; 01, 17.?/o. 
Qj.bromobis(trimethylareine_oxide)nickel(II) 
A pink complex was obtained from the above 
preparation using nickel bromide (0.25g.) and the 
ligand (Oo28g.). Similarly the complex is insoluble 
in the above solvents. Found: o, 14.4; H, 3.8; 
Br1 32.6%. Attempts to prepare a tetrahedral form of 
the complex using different solvents or the method79 
used to produce the tetrahedral triphenylarsine oxide 
nickel(II) complexes were unsuccessful. 
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Dithiocyanatobis(trimethylaraine oxide}nickel(II} 
A pale green product was prepared by mixing 
nickel thiocyanate (0.18g.) and trimethylarsine oxide 
(0.23g.) in ethanol containing ethylorthoformate. 
The complex, which is extremely hygroscopic, was 
recrystallised from anhydrous ethanol. Found: 
C, 20. 9; H, 4. 2; NCS, 2 5 • 6 
requires 0, 21.5; H, 4.0; NOS, 26.0%. 
Di thiocyana tobis ( tr imet;,hylJ?hosnh:tne oxide.} nickel (II) 
The above preparation yielded a pale green 
hygroscopic complex from nickel thiocyanate (0.15g.) 
and trimethylphosphine oxide (0.12g.). Found: 
C, 27.1; H, 5.4; NCS, 32·0 c8H18N2Ni02P 2s2 
requires c, 26.8; H, 5.0; NCS, 32.4%. 
Perchloratotetrakis(trimethylarsine oxide}copper(II} 
Perchlorate 
Cupric perchlorate (0.19g.) and the oxide (0.29g.) 
gave a pale blue complex from ethanol. Found: C, 1 7. 9; 
H, 4. 7• 
Attempts to prepare a pentakis complex or a tetraphenyl-
borate derivative were unsuccessful. 
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Tetrakis(trimeth~larsine oxide2~inc(II) Perchlora~~ 
Ethanol solutions of zinc perchlorate (0.18g.) 
and trimethylarsine oxide (0.27g.) reacted to give 
white crystals. Found: a, 17.6; H, 4.5. 
c12H36As4ol 2o12zn requires a, 17.8; H, 4.5%. 
Attempts to prepare a five coordinate zinc complex 
using different solvents, temperature~ and conditions 
of crystallisation were unsuccessful. 
Qi.chlorobis(trimethylarsine oxide)zinc(II} 
Zinc chloride (0.20g.) and the ligand (0.23g.) 
dissolved in acetone gave a white complex. 
0~ 17.8; H, 4.L~; Cl, 17.1. c6H18As 2ol2o2zn 
requires c, 17.7; H, 4.4; Cl, 17.4%. 
Dibromobis(trimethylars~ge oxide)zinc(IIl 
Found: 
From ethanol solutions of zinc bromide (0.17g.) 
and the ligand (0.14g.) a white complex crystallised. 
Found: 14.6; H, 3.5; Br~ 32.5. C6H18As 2Br2o2zn 
requires C, 14.5; H, 3.6; Br, 32.1%. 
2. Trimethylarsine Sulphide Complexes 
Tetrakis(trimethylarsine sulRhide)iron(II) Perchlorate 
Ferrous perchlorate (0.25g.) and trimethylarsine 
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sulphide (0.35g.) reacted in ethanol to give white 
crystals. Though stable in air the complex is 
rapidly oxidised in nitromethane solution. Found: 
c, 17.3; H, 4.4; Fe, 6.8; c12H36As4ol2Fe08s4 
requires c, 16.7; H, 4.2; Fe, 6.5%. 
Dichlorobis(trimethylarsine sulnhide)iron(IIl 
A pale buff powder was formed under nitrogen 
from ethanol solutions of ferrous chloride (0.24g. )· and 
the sulphide (Oo30g.). Oxidation of the complex in 
air is slow. Found: C, 16. 8; H, 3. 8; Cl? 1 6. 0. 
Dibromobis(trimethylarsine sulphide)iron(IIl 
In the above preparation pale buff crystals were 
obtained using ferrous bromide (0.35g.) and the ligand 
(0.33g.). The complex is reasonably stable in air 
but decomposes in dichloromethane and nitromethane 
solutions. Found: C , 1 3 • 8 ; H , 3 • 5 ; B r , 3 0 • 5 . 
Tetrakis(trimethy~arsine sulnhide)cobal~(II) Perchlorate 
The complex was prepared as blue crystals from 
acetone solutions of cobalt perchlorate (Oe37g.) and 
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trimethylarsine sulphide (0.60g.). Found: 
C, 16.8; H, 4.1; Co, 6. 7. 
requires c, 16.6; H, 4.2; Co, 6.8%. 
Dichlorobis(trimeth~larsine sulphide)cobalt(II) 
Cobalt chloride (0.36g.) and trimethylarsine 
sulphide (0.42g.) reacted in ethanol to give deep 
blue crystals. Found: 0, 1 6. 9; H, 4.1 ; 01, 15. 9. 
Dibromobis(trimethylarsine sulphide}cobalt(II} 
Blue crystals were obtained from cobalt bromide 
(0.33g.) and the sulphide (0.30g.) dissolved in 
ethanol . Found: c, 14.,2; H, 3.6; Br, 30. 7. 
Diiodobis(trimethylarsine sulphide)cobalt{II) 
In the above preparation using cobalt iodide 
(0.3f)g.) and 
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the ligand (0.30g.) green crystals were obtained. 
Increasing the ligand:metal salt ratio did not change 
the product obtained. Found: O, 12.0; H9 3.3; 
I, 41.4• c 6H18As 2Coi 2s2 requires c, 11.7; H, 2.9; 
I, 41.1%. 
Dithiocyanatobis(trimeth~larsine sulphide}cobalt(IIi 
Deep blue crystals separated from ethanol solutions 
of cobalt thiocyanate (0.23g.) and trimethylarsine 
sulphide (0.30g.). Found: c, 19.8; H, 3.8; 
Co, 12.2. o8H18As2CoN2s2 requires C, 20.0; H, 3.8; 
Co, 12. 3%. 
Tetrakis(trimethylarsine eulQhide)nickeJ{II) Perqhlorate 
Nickel perchlorate (0.30g~) and the sulphide 
(0.40g.) gave green crystals from acetone. Found: 
c, 17.2; H, 4.5; Ni, 6.6. o12H36As4cl2Nio8s4 requires 
c' 16. 6; H, 4. 2; Ni' 6GB%. 
Dichloro(trimethylarsine sulphide)nickel(Ill 
Nickel chloride (0.42g.) and trimethylarsine 
sulphide (0.55g.) reacted in ethanol, containing ethyl 
orthoformate 9 to give a green solution from which a 
yellow solid separated. The complex, which was 
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recrystallise~ from alcoh0l-acetone solution, is 
rapidly hydrated in air. Found: c, 13.3; H, 3.2; 
01, 25. 1 . 
Cl, 25.2%. 
Dichlorobis(trimethylarsine sulphide)nickel(II) 
Nickel chloride (0.20g.) and excess ligand (0.67g.) 
were dissolved in ethanol and the hot solution rapidly 
evaporated in vacuo. Dark green hygroscopic crystals 
which separated out were washed with dry benzene. 
Found: C, 16.6; H, 4.0; Cl, 16.8. c6H18As 2Cl2NiS2 
requires C, 16.6; H, 4.15; Cl, 16.3%. 
Dibromobis(trimethllarsine sulphide)nickel(IIl 
This green complex crystallised from ethanol 
solutions of nickel bromide (0.27g.) and trimethylarsine 
sulphide (0.30g.). Found: c, 13.6; H, 3.4; 
Br, 30.5.: 
Brp 30.6%. 
Tetrakis(trimethylarsine sulphide)zinc(II) Perchlorate 
Zinc perchlorate (0,24g.) and the sulphide 
(0.35g.) gave white crystals from ethanol. Found: 
C» 16.9; HP 4.2. c 12H36As4cl2o8s4zn requires C, 16.5; 
H, 4.1%. 
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Dichlorobis{trimethylarsine sul£hide)zinc(II) 
Zinc chloride (0.15g.) and trimethylarsine 
sulphide (0.35~) dissolved in ethanol gave a white 
complex. Found: C , 1 6 • 6; H , 4 • 2 ; C 1 , 1 6 • 2 • 
Dibromobis(trimeth~larsine sulphide)zinc(II) 
In the above preparation using zinc bromide 
(0.23g.) and the ligand (0.30g.) a white product 
was obtained. Found, c, 14.0; H, 3.6; Br, 29.8. 
Trichloro(nitros~l)bis(trimeth~larsine sulphide)-
ruthenium(III) 
Hydrated Rucl3 (NO) (0.27g.) and the sulphide 
(0.30g.) reacted in ethanol to give a red-brown 
powder. 
requires C, 13.3; H, 3.3%. 
Reaction with Copper(II) Perchlorate 
Copper perchlorate (0.14g.) and trimethylarsine 
sulphide (0.22g.) when mixed in ethano~ immediately 
gave a white precipitate, whose infrared spectrum 
indicated that it contained coordinated trimethyl-
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arsine sulphide. The complex was diamagnetic but 
did not analyse bBtisfactorily. This reaction was 
not investigated further. 
3. Trimethylnhosphine Sulnhide Complexes 
Tetrakis(trimeth~lnhosphine sulphide)cobalt{I!l 
Perchlorate 
Cobalt perchlorate (0.37g.) and trimethylphosphine 
sulphide (0.48g.) reacted in ethanol containing ethyl 
orthoformate to give blue crystals. Found: c, 21.1; 
H, 5 .1 ; Co, 8. 3 ~ 
H, 5.2; Co, 8o5%. 
Dichlorob:ls ( trimethylphosphine sulphide) cabal t( II) 
s 
In the above preparation using cobalt chloride 
(0.30g.) and the ligand (0.30g.) a blue complex was 
obtained. Found: C, 20.9; H, 5.2; 01, 20.0. 
Dibromobis(trimeth~lphosphine sulphide)cobalt(II) 
Reaction of cobalt bromide (0.41g.) and the 
sul.phide (0.30g.) in ethanol containing ethyl ortho-
formate yielded a blue complex. Found: C, 1 6. 7; 
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H, 4.1; Br, 36.7~. 
Diiodobis( trimethyl:Qhosl211ine sull2hide) cobal t(II) 
This greer complex was prepared as above from 
cobalt iodide (0.51g.) and the sulphide (0.30g.). 
Found: O, 13.9; H, 3.4; Co, 10.8. 
o6H18ooi 2P2s2 requires 0, 13.6; H, 3.4; Co, 11.1%. 
4. Triphen~larsine Sulphide Complexes 
T~tralds(triphen~larsine sulphide) cobalt(II) Perchlorate 
Rapid evaporation of a hot ethanol solution of 
cobalt perchlorate and triphenylarsine sulphide in the 
presence of ethylorthoformate gave a viscous product. 
A blue solid was obtained on cooling and adding ether, 
but it was contaminated with unreacted components. 
These could not be eliminated by recrystallisation, 
use of different solvents or different reactant ratios. 
The complex, which is decomposed by ethanol and acetone 
was identified as [Oo(Ph3Ass) 4] (0104)2 from its iso-
morphism with the pure zinc analogue. Reaction of 
cobalt perchlorate and the sulphide ligand in tetra-
hydrofuran yielded a blue complex with an infrared 
spectrum typical of triphenylarsine oxide complexes. 
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Dibromobis(triphenularsine sulQhide}cobalt(Ill 
This complex was prepared as in the above 
preparation using cobalt bromide. Similarly an 
analytically pure product could not be obtained. 
Found: c, 46.4; H, 3.5. c36H30As 2Br2cos2 requires 
C, 48.3; H, 3.35%. 
Tetrakis(triphenylarsine sulphide)zinc(II) Perchlorate 
Zinc perchlorate (0.21g.) and the ligand (0.40g.) 
in ethanol containing ethylorthoformate yielded a white 
complex. Found: o, 53.0; H, 3.9. o72H60As4ol2o8s4zn 
requires O, 53.4; H, 3o7%. 
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PREPARATION OF LIGANDS 
The ligands were synthesised from the parent 
18 56 phosphine or arsine by published methods ~ . 
1. ~rimeth~larsine 
This was prepared from arsenic trichloride 
(1 mole) and a Grignard reagent138 (3 moles). All 
glassware was preheated and flushed with dry nitrogen. 
The reaction was carried out in a 3 litre flask fitted 
with a double surface condenser, a nitrogen inlet and 
a dropping funnel. Methyl iodide (190 ml) in dry 
di~n-butyl ether (200 ml) was added dropwise to magnesium 
(73g.) in the same solvent (1 1), The reaction was 
0 initiated by ad~ing iodine and heating to 50 • The 
temperature was kept between 50 - 70° using an ice-bath. 
On completion of the Grignard, the condenser was 
replaced by a stirrer and the reaction mixture cooled 
0 to 0 e Arsenic trichloride (80 ml) in di-n-butyl 
ether (100 ml) was then added dropwise over a period 
of 2 hours. Efficient stirring was needed to prevent 
solidification of the reaction mixture. The stirring 
was continued at room temperatures for an hour, after 
which the stirrer and dropping funnel were removed and 
a fractionating column fitted. The temperature of th~ 
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reaction was gradually raised, using an oil bath, 
to 160°. The arsine distilled off (~ 70°) into a 
graduated dropping funnel. The trimethylarsine was 
sto~ed os a silver iodide adduct139 . This is most 
easily prepared by shaking the arsine with an aqueous 
silver iodide-potassium iodide solution. Decomposition 
of the adduct is carried out by heating to 160° in 
vacuo. 
2. Trimethylarsine Oxide 
130 volume hydrogen peroxide (13 ml) in acetone 
(20 ml) was added dropwise to trimethylarsine (15 ml) 
in deoxygenated acetone (60 ml) under nitrogen. The 
reaction was cooled using an ice-bath . The solution 
was then refluxed gently for an hour and evaporated on 
a water bath until crystallisation began. The crude 
product was placed in a vacuum desiccator over 
concentrated sulphuric acid to complete crystallisation 
and finally purified by sublimation under high vacuum 
0 
at 120 - 150 . Since trimethylarsine oxide is extremely 
hygroscopic it was always handled in a dry box. 
Melting point: 193- 195° (lit. value18 : 191.2- 195.2°). 
3. Trimethylarsine Sul~hide 
Trimethylarsine (20 ml) and sulphur (6g.) were 
1'1 8 
refluxed in dry ethanol (200 ml) for an hour under 
nitrogen. Excess sulphur was filtered off and on 
cooling the product crystallised. Trimethylarsine 
sulphide was recrystallised twice from ethanol. 
Melting point: 184- 185° (lit. value 1 4~: 183- 184°). 
4. Trim§thylphosphine 
Trimethylphosphine was prepared by Mr R.C. Rendle 
in a manner similar to that used for the arst"ne138 , 141_ 
It was also stored as a silver iodide adduct139 which 
can be decomposed by heating to 160° in vacuo1 42 ~ 
5. Trimeth;zlnhosphine Sulnhide 
Trimethylphosphine (10ml) and sulphur (5g) were 
refluxed in dry ether (200 ml) for 10 hours under 
nitrogen. The remaining sulphur was filtered off and 
the solution evaporated to dryness. The crude product 
was twice recrystallised from warm ethanol, solutions 
being concentrated in a vacuum desiccator over concen-
trated sulphuric acid. Melting point: 155 - 156° 
(lit, value54 : 155.5 = 156°). 
6. Triphenll&rsine Sulph~de 
Triphenylarsine (7.5g.) and sulphur (0.8g.) were 
0 heated at 170 in a sealed tube under nitrogen for 
11 9 
two hours. The product was recrystallized from 
ethanol. Melting point: 163°, (lit. value143: 
163. 5°). 
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PHYSICAL METHODS 1 ANALYSE8, 1 AND REAGENTS 
1 • Infrared S~ectra 
Infrared spectra were recorded using Perkin-
Elmer 337 (to 400 cm-1) and Grubb Parsons DM4 (500 -
200 cm-1 ) spectrophotometers. Calibrations were 
made with polystyrene and water vapour respectively. 
Solid samples were run on nujol or hexachlorobutadiene 
Cnitrates' only) mulls, using KBr plates (to 400 cm-1 ) 
and polythene discs or Csi plates (500 ~ 200 cm-1 ). 
Moisture sensitive samples were mulled and placed 
between the plates in a dry box. For solution 
( -1) spectra 500 - 200 em , the complexes were dissolved 
in nitromethane and placed in 0.2mm polythene cells. 
Nitromethane is free of absorptions between 450 and 
-1 200 em . 
2. Electronic Syectr~ 
Electronic spectra were recorded using a Beckman 
DK 2A spectrophotometer. For solid samples, the 
Beckman reflectance attachment was used and the spectra 
run against magnesium oxide as standard. Where 
necessary 9 the sample was diluted with magnesium 
oxide. For solution spectra, the complexes were 
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dissolved in dichloromethane, nitromethane or acetone 
and placed in 1 em cells. The molar extinction 
coefficients,€, were determined from the expression 
f ::: D/( c X d) 
where D is the opticol density 
c the concentration (mole litre-1 ) 
and d the path length (em) 
The o~cillator strengths, f, were evaluated graphically 
using the expression145 
f = 4.32 x 1o-9J EdY 
where Y -1 is the frequency in em • 
3. ME!gnetic Meaf!urement§. 
Magnetic suoceptibili ties were determi,ned by the 
Gouy method146 using Ni(en) 3s2o3 
147 as calibrant. 
Reproducibility of the magnetic moments is± 0.04 B.M. 
The magnetic moment,~ , was calculated from the 
expression 
where T is the absolute temperature and X corr the molar 
. m 
susceptibility corrected for diamagnetism using Pascal 
146 constants • The diamagnetic susceptibility of 
trimethylarsine sulphide was measured as - 0.104 x 10-3 
as compared with the calculated value df - 0.102 x 10-3 
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cgsu. For the tetrahedral cobalt(II) complexes, 
corrections were also made for temperature independent 
paramagnetism using the expression 2.09/6. 36 
For [co(Me3Ass) 4](ClOL~) 2 , the reciprocal of 
Xoorr o was plotted against T (195, 260 and 273 K), 
m 
and from the resulting straight line, the value of 
e was obtained. 
4. X-ra;:{.' Powder PhotograJ?hS, 
X-ray powder photographs were obtained using a 
Philips 114.83mm camera with Cul\:c( radiation. Finely 
ground samples were packed into Lindemann tubes. 
5. Conductivity Measurements 
0 Conductivity measurements were made at 25 C using 
a Philips PR9550/01 bridge and a cell with removable 
dip-type platinum electrodes. The cell was calibrated 
with a standard potassium chloride solution148 . 
The molar conductivity,}l , is given by 
m 
1 OOOK 
c 
where K is the specific conductivity and C the 
concentration (mole litre-1). The specific conduc-
tivity, K, is given by 
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K = cell canst. R 
where R is the resistance of the solution (ohm). 
Represente.tive values of.Am for solyents used in 
this section are: 
I on t;y:pe 
1 : 1 
1 : 2 
1 : 3 
6. Analysef!_ 
20-30 
45-55 
70-80 
Nitro~ethane Acetone 
70-90 1 00-130 
150-170 230-250 
230-250 350-370 
The complexes were decomposed in aqueous 
solution. The analytical proceedures used are 
described by Vogel149 • Halide was determined by the 
Volhard titration and the metals were determined 
gravimetrically (Iron as Fe 2o3 , cobalt as Oo(py) 4(SCN) 2 
and nickel as the dimethylgloximate). Carbon and 
hydrogen analyses were carried out at the Micro-
analytical Laboratory, University of Otago. 
7. Drying and Purification of Solvents 
Acetone (A.R. grade) was dried over potassium carbonate. 
Di-n-butyl Ether was washed with a ferrous sulphate 
solution150 ~ followed by water and dried over calcium 
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chloride. It was then fractionally distilled 
(B.Pt 140 - 142°) and stored over sodium. 
Dichloromethane was dried over magnesium sulphate, 
fractionally distilled (B.Pt 39 - 40°) and stored 
over molecular sieves. 
Diethyl Ethet was dried over sodium. 
Ethanol was dried using magnesium activated with 
iodine150 . 0. 5 g. iodine and 5g. magnesi urn were added 
to 50 - 75cc of absolute alcohol and warmed until the 
iodine colour disappeared. When all the magnesium 
was converted to the ethylate 900cc of absolute 
alcohol were added and refluxed for one hour. The 
alcohol was distilled off and stored over molecular 
sieveso 
Nitrobenzene (AR grade)and nitromethane were dried 
over molecular sieves. 
B. ~ehydrating Agent 
Ethylorthof'ormate144 has been used extenslvely in 
this section as a rapid dehydrating agent. De hydra-
tion of hydrated metal salts is conveniently carried 
out in the reaction mixture. The reagent reacts with 
water in the presence of acid catalysts as follows 
125 
APPENDICES 
APPENDIX I 
In the course of the comparative study of oxo-
and thio-ligand complexes, several systems were 
investigated but found to be impracticable. The 
systems, which involved ligands of the type Ph3ZY 
(where Z =PandAs; Y = 0 and 8), will be described 
briefly. 
1. Dichlorodicarbonllruthenium(IIL 
The action of carbon monoxide on an ethanol (or 
2-methoxy ethanol) solution of hydrated ruthenium 
trichloride gives a deep red (or yellow) solution, 
from which a series of Ru01 2 (oo) 2L2 (L =amine, 
phosphine, arsine or stibine) complexes can be isola-
ted151 , 1 52 • In the present work attempts to prepare 
Ph3ZY complexes from the ethanol solution were 
unsuccessful. From 2-meth~xy ethanol, however, 
The observation of 
two v(C-0) bands in the infrared indicates a cis 
152 
arrangement of the carbon:Tl ligands . The reaction 
of triphenylphosphine sulphide with the 2-methyl 
ethanol solution gave a product with four Y(0-0) bands 
6 ~1 in the infrared. A band at 37 em , attributable 
toY(P-8) in the uncomplexed ligand, was also observed. 
Repeated recrystallisation did not improve the purity 
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of the product. With triphenylarsine oxide and 
sulphide, reduction of the ligand occurred, the 
products showing identical infrared spectra (4000 -
-1) 400 em , typical of triphenylarsine complexes. 
The observation of Y(c-o) at 2063, 2004 cm-1 indicates 
the p~oducts are probably cis-RuC12 (oo) 2 (Ph3As) 2 152 • 
~xperimental 
Carbon monoxide was passed into a refluxing 2-
methoxy ethanol solution (50 ml) of hydrated ruthenium 
trichloride (2g.) for 4 hours. 
Dichlorobis{carbonyl)bis{tri~h~nll~hos~hine oxide) 
_ruthenium( II) 
To the above yellow solution (12 ml), triphenylphos-
phine oxide (1.07 g.) was added and the solution refluxed 
for 3 hours. The pale yellow product was recrystallised 
from a dichloromethane ethanol mixture. The infrared 
spectrum showed bands at 2054 9 1973 (c-o) and 1159cm-1 
(P::O). 
requires 0, 58.2; H, 3.8%. 
2. Ruthenium(!!!) 
Dark brown or green powders were formed from 
ethanol solutions of ruthenium trichloride and the 
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Infrared spectra indicated the 
presence of coordinAted ligand, but analyses showed 
that less than one mole of ligand was coordinated per 
mole of ruthenium trichloride. Refluxing with excess 
ligand did not significantly increase this ratio. 
3. Platinum(II) 
Neither Ph3Po nor Ph3As0 reacted with Zeise
1 s 
salt, although the pyridine N-oxide complex 
[PtC12 (c2H4) (pyO)] is known
153. 
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APPENDIX II 
CALCULATION OF SPECTROCHEMICAL PARAMETERS (b. AND~ ) 
1 • Tetrahedral Cobalt.{ I IJ. 
The Tanabe-Sugano matrices for tetrahedral 
cobalt(II) are38 
4A2(F) -12Dq- 15B 
4T2(F) - 2Dq - 15B 
4 
4T1 (P) 
- 12B I '1,1 (F) , - 2Dq - 3B 6B 6B 8Dq 
The tpamUtions 4A2 (F) -t4T2 (F), 4A2 (F) ~4T1 (F), and 
4A2 (F) -7 4T1 (P) are de signa ted as )J 1 , )} 2 and V 3 
respectively. The lowest energy transition, Y1 , is 
found as 
and should give 10Dq directly, but the band is not 
often observed38 • The separation between the 4A2(F) 
and 4T1 states is found by evaluating the determinant 
of the matrix. The eigenvalues, E, are 
E 3Dq - 7. 5B .:t Q 
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where 
Hence 
""' 
1 5Dq + 7" 5B - Q (2) 
and v3 = E(4i,i (P)) - E(4A2) 
:::::: 15Dq + 7.5B + Q (3) 
From equations ( 2) and ( 3) ' and substituting ll for 
10Dq 
J) :::::: [ 7.2(V 2 + v3) - (51.84(v 2 +v3)
2
- 217.6 V 2Y 3)~]/27.2 
B =- [ V 2 + )13 - 3 {.} ]/1 5 
B is usually lower in the complex than in the free 
ion, and is referred to as B1 
(3 =- B' /B(free ion) 
Assignment of the y2 and v3 bands therefore allows the 
evaluation of ll an(\ p. 
2. Tetrahedral Nick~l(II) 
Since the cts of spin-orbit coupling are more 
important for tetrahedral nickel(II) than for tetra-
hedral cobalt(II)? it has been found that use of 
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the Tanabe-Sugano matrices, which do not include spin-
orbit coupling, yields unlikely b values9 2 , 
Therefore in the present work, the complete theory 
of Liehr and Ballhausen94, which includes the spin-
orbit coupling parameter, ).. , has been used. 
The determinants, which involve the parameters 
F2 , F4, ~ and Dq, are given on pages 140 - 141 of 
Liehr and Ballhauseris paper94. The Stater-Condon 
parameters, F2 and F4, are related to the Racah B 
parameter by145 
B = 
Assuming9 2 ,94 
F 2 = 14F4 
the determinants were expressed in terms of the 
parameters B, A and Dq only. The parameters were 
then varied, using a computer programme written by 
/01 R.S. Anderson and I.N. Dougl~ (Physics Department, 
University of Canterbury) until the best fit between 
the calculated and observed spectrum (see Table 19) 
was obtained. 
4. Octahedral Cobalt(II) 
The Tanabe-Sugano matrices for octahedral cobalt(II) 
in a weak field are72 
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~6Dq 4Dq 
4Dq B 
2Dq 
4A2g(F) 12Dq 
The transitions 4T1 g(F) -14T2g(F), 4T1 g(F) _,4A2g(F) 
and 4'1'1 g(F) -t 4T1 g(P) are de signa ted Y 1 , V 2 and Y 3 
respectively. Since the Y2 transition corresponds 
to a two-electron transition, the absorption band 
should be weak72 , and may not be observed. Values 
of the parameters, b. and (3, can therefore be obtained 
from the positions of the v1 and y3 bands. 
The eigenvalues, E, of the determinant are 
E = -3Dq + 7.5B ± Q 
where 
Q = t((6Dq + 15B) 2 + 64(Dq) 2Jt 
Hence )/1 = E(4T2g) - E(4T1 g(F)) 
= 5Dq = 7.5B + Q ( 1 ) 
)13 = E ( 4'1' (P)) 1g ~ E(4T1g(F)) 
= 2Q ( 2) 
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From equations (1) and (2), and substituting.L\ for. 
10Dq 
fj = [(2)}1- V3)2 + (y32 + V1V3- y12)~]/2 
B = [ Y 3 - 2 Y1 + 6] /1 5 
Assignment of the')) 1 and ~3 bands therefore allows 
the evaluation of 1:::!. and. f3. The position of V 2 can 
be calculated 
= 15Dq = 7e5B + Q ( 3) 
From equations (1) and. (3) and. substituting~ for 10Dq 
A similar expression for ~ given by Eilbeck, Holmes 
and. Und.erhill154 contains an error. 
4. Octahedral Nickel(II) 
For octahedral nickel(II) the transitions 
3A2g(F) -t 
3T2g(F), 3A2g(F) ~ 3T1 g(F) and. 3A2g(F) ~ 3T1 g(P) 
are designated. as y 1 , y 2 and v3 respectively. The 
lowest energy transition, V 1 , gives b. (or 1 ODq) 
directly and B is calculated from the expression155 
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SECTION II 
SOME COMPLEXES OF THE GROUP VB TRIHALIDES 
INTRODUCTION 
Group VB complexes are predominantly of the type 
MX32L
1
, MX 1 11 and MX 2- (where M :::: As, Sb and Bi; 3 5 
X = Cl, Br and I; L' = monodentate and L" = bidentate 
ligand). However, 1:1 adducts are known and the 
complex halide anions cover a wide range of compositions. 
Since no structure determinations have been made 
on simple arsenic trihalide adducts it is not knownif 
their stereochemistry is influenced by the lone pair of 
electrons. 
units but pyramidal As013 molecules surrounded by as+ 
and 01- ions156. In a number of antimony(III) 
compounds the coordination is square pyramidal, 
presumably due to the stereochemically active lone pair. 
15 7 ( ) 158 For example K2SbF5 , NH4 2SbC15 , and 
SbC132Ph3Aso
159 exhibit this stereochemistry (Figure 1). 
In SbC132Ph3AsO the ligands occupy cis basal positions. 
Even when the stoichiometry does not demand it, five-
coordination is achieved in KSbF4 and NaSbF4 . These 
contain [sb4F16J4- units with cis fluorine bridges and 
antimony in a square pyramidal environment155. The 
influence of the lone pair is again apparent in 
Bi12a114 which consists of square pyramidal [BiC15J 
2
-
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FIGURE '1. Structures of (NH4 ) 2Sb015 and 
Sb0132Ph3AsO. 
01 
01 
Ph AsO- - - ~ -01 
3/1'\ ~ 
/ ~/ ·~Sb / 
. \ / / / 
Ph AsO-- - - - 01 
3 
b. Sb01 32Ph-,AsO 
units and pairs of such units sharing a basal edge, 
5+ 160 as well as Bi9 clusters • The slight displace-
ment of the metal atom below the basal plane in these 
complexes has been attx-ibuted to repulsions between 
the nonbonding and bonding pairs of electrons161 • 
In the anion of the pyridinium salt (c5H5NH)~bC14), 
an infinite chain structure is found with cis chlorine 
bridges and antimony in an octahedral environment162 . 
Similar structures have been reported for the anions, 
- ~ - 163 Sbi4 , BiB4 , and B1I4 , in their 2-picolinium salts • 
2., Structurally, the BiBr5 anion, in its piperidinium 
salt, consists of a distorted octahedral arrangement of 
bromines about the bismuth 9 with two cis bromines link-
ing adjacent bismub,h atoms164. The analogous SbBr5 
2~ 
is reported to be isomorphous164. Discrete octahedral 
165 units are found in (Me2NH2) 3 (BiBr6) • There is 
little evidence for the lone pair being stereochemically 
active in these six-coordinate complexes, which 
generally involve the heavier halogens. 
Little is known about the relative stabilities 
of the various complex halide anions of the Group VB 
trihalides, apart from the apparent increase in such 
complexes on going down the group157. The higher 
anions are restricted to the heavier elements. simple 
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Asx6
3
- anions being unknown. Recent systematic 
studies on the reaction of amine hydrohalides with 
antimony trihalides yielded mainly salts with an Sb:X 
ratio of 1:5 166- 168• However, it was found that no 
such complexes were formed from similar reactions with 
bismuth triiodide, the predominant Bi:I ratio being 
2:9169. 
Nitrogen donor ligands react readilywith the 
trihalides of arsenic, antimony and bismuth. With 
2,2 1 -dipyridyl, a series of nine MX3dipy complexes is 
known. Ionization trends of these complexes in 
nitrobenzene suggest an increasing preference for higher 
coordination numbers down the group1 7°. Monodentate 
nitrogen ligands react with the trihalides with a 
diversity of combining ratios. AsC13NMe 3 , SbC13NMe3 
and (8bC13) 2NEt3 have been prepared
1 71 , and pyridine 
complexes vary (Table 1). Table 1 suggests the 
importance of bis-pyridine adducts~ but in some cases 
analytical data are unsatisfactory. 
Oxo-ligands show a more definite preference for 
the formation of 1:2 complexes with the Group VB tri-
halides. Triphenylphosphine oxide gives complexes of 
the type MX 32Ph3PO with Asc13 , Sbc13 and BiX3 (X= Cl, 
Br, I) 179 , and POC13
180
P Me 3Po
181
, Ph3Aso
32 and 
136 
137 
TABLE 1 
Reported GrouR VB Trihalide Pyri~ine Oomnlexesa 
AsC13py AsBr32pyb Asi 32py 
AsC132py AsBr33pyc Asi 33py 
SbC13py 
d 4SbBr37py 2Sbi33py 
2SbC133py
6 
SbC132pyf 
B1Cl32py BiBr32py 
a From refs 172-178 
b M.Pt. 195° (ref. 175) 
c M .Pt. 194° (ref. 174) 
d M.Pt. 184° (refs. 1 74,1 77) , 164 ° {'ref. 1 76). 
e M.Pt. 185° (ref. 1 76) 0 
f M.Pt. 185° (ref. 178). 
has also been reported. 
also known 159 • 
BiCl 2POC1 182 3 3 
A number of 1:1 adducts are 
Several VB halide complexes with phosphines1 71 , 
arsines183 and sulphides184 have been reported, but 
since the present work is concerned with oxygen and 
nitrogen donor· ligands, these will not be mentioned 
further. 
A general consideration of Group trends for the 
trihalides of phosphorus, arsenic, antimony, and bismuth 
indicate tllat the complexes of the heavier elements are 
more stable and greater in number. Phosphorus tri-
halides only form weak and easily dissociable adducts, 
while antimony and bismuth show an increasing tolerance 
for higher courdination n·~bers 1 57. 
In the present work the low frequency infrared 
spectra of a selection of addition compounds formed 
between oxygen and nitrogen donor ligands has been 
studied. The first objective was to prepare a series 
of MX32LY and MX3L" (L' = mono-, L" = bidentate ligand) 
adducts. 2,2'-Dipyridyl readily gives a series of 
nine such complexes17° thus facilitating a low frequency 
infrared study. For comparison with the dipyridyl 
series, several pyridine adducts were studied. The 
138 
steric requirements of 2,2' ,2 11 -terpyridyl tend to 
emphasise any coordination preferences of the acceptor 
molecule. It was therefore chosen because of its 
chemical rather than infrared interest. To confirm 
the assignments of metal-ligand and metal-halogen 
vibrations, the spectra of triphenylarsine oxide and 
pyridine N-oxide complexes were examined. Since the 
structure of SbC13.2Ph3AsO is known
159, it served as 
a reference.five-coordinate compound. The assignment 
of the metal-ligand stretching frequencies for these 
complexes prompted an examination and assignment of the 
spectra of some related Group IVB halide adducts. 
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RESULTS AND DISCUSSION 
In most cases the Group VB trihalides reacted 
to give MX32L' or MX3L
11 complexes, although there were 
some exceptions. The compounds, including many 
characterized for the first time, were prepared by 
reacting the lig~nds directly with the trihalide in an 
inert solvent, under anhydrous conditions. Many of 
the adducts, especially those of arsenic, are extremely 
sensitive to hydrolysis by atmospheric moisture and so 
as a precaution all complexes were handled in a dry box. 
The low solubilities of the complexes prevented the 
measurement of their molecular weights; however, most 
dissolved sufficiently in nitrobenzene for molar 
conductivity measurements. 
P.yridine Oomnlexes 
Previously reported pyridine complexes are listed 
in Table 1 . In the present work~ an attempt to prepare 
bis complexes was made by reacting excess pyridine with 
.the appropriate trihalide. Such complexes were formed 
with the tribromides of arsenic, antimony and bismuth. 
The melting point found for AsBr32py (195°) agrees with 
Dafert and Melinski1 75, The compound 4SbBr37py, 
reported by Watari and Kinumaki174 is probably an impure 
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sample of the bis adduct. Compounds 8bC132py and 
BiC132py could not be obtained and it is probably 
significant that the reported analytical data for these 
complexes are not in close agreement with these 
formulations174, 1 78 • Instead antimony trichloride 
l::;ave SbC13py(mp185°), but if the product was not dried 
under vacuum the complex, 2SbCl33py(mp185°), with a 
distinctive X-ray powder pattern, was obtained. This 
latter complex contains only coordinated pyridine as 
6 -1 shown by the absence of an infrared band at 01 em . 
Free pyridine can be detected if it is present185. On 
heating the complex loses pyridine to give the more 
stable mono-adduct. With bismuth trichloride, 2BiC133py 
was obtained, which unlike 28bC133py showed no tendency 
to lose pyridine. Both these adducts behave as 1:1 
* electrolytes in nitrobenzene (Am= 25.8 for 2SbCl 33py). 
Neither Asi 32py
1 74 nor Asi 33py
1 75 were obtained under 
the experimental conditions used, but the possibility 
of their existence was not examined exhaustively. From 
this system, a mono-adduct Asi 3py, was isolated. 
* (A . 8 3 -1 -1 2 ) 
.m = 2 • ohm mole em for 2BiC133py 
2 1 2' ,2 11 -TerQyridyl ComQlexes 
186 As found in other groups , the tridentate terpy-
ridyl ligand, emphasises differences in the coordination 
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behaviour of the acceptor molecules. In all cases, 
the ligand was reacted in equimolar ratios with the 
trihalide, but the combining ratios varied (Table 2). 
Although 2Ascl3 .terpy was produced from such a reaction, 
an analytically pure sample was only obtained using 
excess trichloride. The arsenic compounds are 1:1 
electrolytes and the antimony compounds 2:1 electrolytes 
in nitrobenzene. Solutions of BiC13 terpy are essentially 
nonconducting. 
TABLE 2 
Groun VB Trihalide Tern~idyl Comnlexys 
Comnle:x; a J\n in PhN0 2 ( ohm-1 mole-1 
2Ascl3 .terpy 28.6 
AsBr3 • terpy 24.3 
cm2) 
Formulation 
[AsC1 2 terpy+]Asc14 -
+ -[AsBr2 terpy ] Br 
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3SbC13 .2terpy 41 .1 
+ -2 (SbC12 terpy ] SbC15 
3SbBr3" 2terpy 35.8 
3Sbi3 .2terpy 36.3 
Bicl3 .terpy b 
+ -2 [SbBr2 terpy J SbBr5 
2(Sbi2terpyl Sbi5-
[BiC13 terpy] 
a At 10-3M for arsenic complexes; at 0.3 x 10-3M for 
antimony complexes; 
b Insoluble in PhN029 J\m = 5.7 in dimethylformamide. 
1.300 1200 700 600 
cm-1 
[AsBr 2 t erpy] +:ar-
2(SbB~2terpy]+ 
SbBr5
2
- . 
[Bi01.3 terpy) 
FIGURE·2.Infrared spectra of terpyridyl complexeso 
The formulations indicated by these conductivities 
require the arsenic and antimony complexes to contain 
five-coordinate cations, [MX2 terpy+], associated with 
varying anions. The infrared spectra (above 600 om-1 ) 
of the arsenic and antimony compounds, for which this 
cation is postulated, all show identical ligand bands, 
while that from the bismuth complex shows distinct 
differences. This is especially apparent in the 
regions which show the greatest changes on coordination 
(Figure 2). As expected from these formulations, a 
wide variety of metal~halogen stretching modes is 
observed (Table 6)~ When compared with the bands from 
the MX32IJ' and MX3L" complexes, the M-X bands for the 
terpyridyl complexes are unusually broad and complex 
with poorly defined shoulders superimposed upon the 
resolved components. Confirmation of the presence 
of the 8bC15
2
- anion in the crystalline complex, 
38bC1_32terpy, is obtained from ultraviolet reflectance 
spectra (Table 3). Both the terpyridyl complex and 
(NH4)2SbCl5 show a characteristic shoulder at 360 m~. 
The reaction of terpyridyl with these trihalides 
clearly indicates the strong preference of arsenic and 
antimony for five-fold coordination. That arsenic 
adopts five-fold coordination less readily is indicated 
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Diffuse Reflectance S:QQ_9tl'JLU > ,20Qm,J~) fo~ 
SbOl3 complexes 
Complex Band maxima ( m)J) 
(NH4) 2SbOl5 325, 360(sh) 
38bOly 2terpy 335, 360( sh) 
Sbol3 .dipy 310 
SbOl32Ph3As0 315 
SbC132pyO 315 
2 by the non-formation of an Asx5 - anion from equimolar 
reactions of the halide and ligand. The reluctance 
of BiC13 .terpy to ionize off a chloride ion can be 
correlated with the increasing tolerance of the heavier 
elements for high coordination numbers. 
The reaction of terpyridyl with the Group VB 
halides may be compared with the analogous reactions 
186 with the Group IVB elements , where again differences 
in acceptor properties can be related to the preference 
for higher coordination numbers at the bottom of the 
group. The complexes formed with the tetrahalides 
involve six-coordinate cations (Table 4). In contrast 
to Aso13 , Geo14 fails to react with terpyridyl. This 
can be attributed to greate~ difficulty in ionizing 
the halogen rather than to lower acceptor properties. 
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TABLT<; /-± 
a Group IVB TetrahQJ.ide TerR;:zridyl Complexes 
Comnlex Am in PhN02 
( ohm-1 mole-1 cm2) 
Formulation 
[Gel 3 terpy+] I-
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Ger4 . terpy 
38nClL~. 2terpy 
3SnBr4 • 2terpy 
Snr4. terpy 
+ 2-2[SnC13terpy ]SnC16 
b 
23.2 
+ 2-2[SnBr3terpy JSnBr6 
[Sni 3 terpy+] I-
a From ref. 186 
b Insoluble in PhN02 
For example germanium readily gives Gecl4dipy a six-
186 
coordinate complex . However the ionization of this 
complex in nitrobenzene is considerably lower than that 
of its arsenic analogue (~ = 0.7 for GeC14dipy 186 and 
-1 -1 2 1 70) 19.0 ohm mole em for AsC13dipy . 
Pyridine N-Oxide and Triphenylarsine Oxide Complexes 
Although a number of oxo-ligand complexes of the 
Group VB trihalides are known159 , no pyridine N-oxide 
complexes have been reported, and only one arsine oxide 
complex. In the present work it was found that these 
ligands differ from pyridine and the tertiary amines 
in yielding a more extensive range of 1:2 adducts. 
Since the iodides are unstable through oxidation by 
the ligands, complexes could not be prepared from 
arsenic triiodide and pyridine N-oxide, or from antimony 
triiodide and triphenylarsine oxide. 
is unstable, it was isolated. Bis complexes were also 
obtained from rebctions of the amine oxide with arsenic 
and antimony trichlorides and tribromides, and from the 
arsine oxide with antimony and bismuth trichlorides 
and tribromides. X-ray powder photographs show 
Asc13 2pyO and SbC13 2pyO to be isomorphous. The 
reaction of bismuth trichloride and pyridine N-oxide 
always gave 2BiC135pyO, even when excess halide was 
used. ( -1 This complex is a nonelectrolyte .~m = 3.5 ohm 
mole-1 cm2 in dimethylformamide) but is of unknown 
constitution. 
Both the pyridine N-oxide and triphenylarsine oxide 
complexes are partially ionized in nitrobenzene (Table 5). 
The molar conductivities, which become significant, show 
the same trends as reported by Roper and Wilkins1 7° for 
the MX3 dipy complexes; that is dissociation increasing 
from chlorides to iodides but decreasing from arsenic to 
bismuth. For the dipyridyl complexes there is evidence 
in specific cases for partial ionization of the type 
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TABI,E .2 
J\n for Group VB Trihalide Oxo-Complexes8 
(a) Pyridine N-Oxide Complexes 
AsC132pyO 
SbC132pyO 
AsBr32pyO 
SbBr32pyO 
(b) Triphenylarsine Oxide Complexes 
11 0 0 
b 
SbC132Ph3AsO 
BiC132Ph3AsO 6.5 
SbBr32Ph3AsO 13.5 
BiBr32Ph3AsO 6.9 
b Decomposed in PhNo2 as d~d Sbi 32pyO 
c 
.A -1 -1 2 Ref. 32 gives m = 10.4 ohm mole em 
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Similarly Phillips and TyPee32 have suggested the 
ionization 
to explain the conductivity of Sb0132Ph3AsO. This 
complex has a square pyramidal structure with the 
ligands in cis basal positions159 and yet in nitrobenzene 
Am is 10.8 ohm-1 mole-1 cm2 . The bis-pyridine complexes 
also show significant~m values (AsBr32py, 11 .5; 
-1 -1 2 ) SbBr32py, 1567 ohm mole em; BiBr32py, insoluble . 
It is therefore considered that although the MX32L' and 
MX3L
11 complexes are partially ionized in solution, they 
are covalent in the crystalline sta 
INFRARED STUDIES 
Group VB Trihalide Oomple~~ 
Although recent far infrared studies have led to 
the assignment of meta ligand vibrations for a variety of 
complexes, no assignments appear to have been made for 
the complexes of the Group VB trihalides. Previous 
infrared studies on these complexes have generally been 
6 -1 confined to the region above 00 em • Various pyridine 
complexes have been studied by Watari and Kinumaki174. 
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Assignment of the P-0 stretching frequency for 
MX32Ph3Po complexes has been made by Frazer et 1
179 a , 
and for other trihalide phosphine oxide complexes by 
Zackrisson and Alden182 . Phillips and Tyree32 have 
assigned v(As-0) for SbC13 2Ph3AsO. An infrared and 
( ) 187 Raman study has been carried out on ~~4 2SbC15 . 
In the present work, the assignment of metal-
ligand frequencies has been approached using the MX3 dipy 
series. Confirmation of assignments has been obtained 
by comparing the results with those from the bis 
pyridine N-oxide and triphenylarsine oxide complexes. 
For a more general comparison with the dipyridyl 
adducts, the spectra of the pyridine and terpyridyl 
compounds have been investigated. 
-1 The infrared spectra of the complexes above 500cm 
are typical of the coordinated ligands and the V(N-0) 
and V(As-0) modes show the usual displacements32 , 188 • 
-1 In the region below 500 em bands assignable to metal-
ligand and metal-halogen stretching vibrations are 
found. Bands below 180 cm-1 are sometimes more difficult 
to interpret since lattice modes and bending vibrations 
are also expected to occur. Metal-halogen stretching 
vibrations can be identified as strong bands which 
shift to lower frequencies as the mass of the halogen 
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increases. The assignment of metal-ligand stretching 
modes is discussed in the following sections. 
Metal-Ligand Stretching Freguencies 
1. DipYridYl Complexes Free dipyridYl has bands at 
427 and 401 cm-1 (out of plane ring deformation189). 
On coordination these bands generally split and move to 
higher frequencies and a new weak band, believed to be 
-1 
a ligand mode, ~ppears at about 350 em . In the 
285 - 185 cm-1 region two medium bands are observed 
which are additional to the ligand bands and distinct 
from the metal-halogen frequencies (Table 6). These 
' 
bands move systematically to lower frequencies as the 
atomic number of the acceptor atom or the halogen is 
increased, and are therefore assigned as metal-dipyridyl 
stretching modes, V(M-N). The displacement of the 
150 
band to lower frequencies with decreasing electronegativity, 
of the halogen indicates a progressive decrease in the 
metal-nitrogen bond strength. There is no evidence 
that the y(M-N) bands occur below 180 cm-1 The band 
which occurs at 166 cm-1 in the free ligand is replaced 
by others at lower frequencies. A very weak band 
(104- 113 cm-1 ) occurring in most of the complexes is 
probably an activated ligand vibration or a lattice mode. 
For the dipyridyl complexes of arsenic and antimony 
trichloride, Y(M-N) and Y(M-X) occur at similar 
frequencies. Therefore the only meaningful assignment 
-1 . 
of the bands in the 340 - 270 em region for AsC13dipy 
is Y(As-Cl) + V(As-N). However comparison of the 
V(Sb-Cl) frequencies for the dipyridyl and oxo-ligand 
complexes suggests the bands at 282, 266 cm-1 in the 
8bC1 3dipy spectrum can be assigned as Y(Sb-N). 
2. p~ridine N~Oxide and Triphenylarsine Oxide Complexes 
For the oxo-ligand complexes medium strength bands in 
the 390 - 310 cm-1 region (Table 7) can be identified as 
metal-ligand stretching modes, Y(M-0). These bands 
show progressive shifts to lower frequencies as the 
electronegativity of the halogen decreases. The 
observation of only oneY(M-0) band for the pyridine N-
oxide complexes cannot be considered adequate evidence 
for a trans configuration, especially since Y(N-0) 
generally shows two components. The V(M-0) band for 
SbC13 2Ph3AsO, which is known to have the ligands in cis 
basal positions, does show two components. However 
for the other arsine oxide complexes V(M-0) is partially 
obscured by the strong arsenic-phenyl band of the 
ligand190 , at 360 = 350 cm-1 • The remaining ligand 
bands (Table 7) do not interfere with the assignments 
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of metal-halogen or mcl;a1~ligand stretching vibrations. 
3. Pyridine Comnlexes Uncoordinated pyridine has 
one band at 403 cm-1 (out of plane ring deformation90) 
which moves to higher frequencies on coordination. 
For the bis-complexes assignment of metal-pyridine 
stretching vibrations, y(M-N), is possible only for 
For AsBr3 2py, Y(As-N) and y(As-Br) occur at 
similar frequencies and the poor resolution of the 
BiBr32py spectrum prevents assignment of its bands. 
The metal-ligand vibrations for SbBr3 2py (Table 6) occur 
at 250j 230 cm-1 , slightly lower than for the 
corresponding dipyridyl complex. 
4. ~e~nyridyl Comnl~xes Free terpyridyl has bands 
at 417 and 401 cm-1 which can be attributed to ring type 
vibrations. On coordination these bands split and move 
to higher frequencies. The spectrum of the unc.oordina-
ted ligand also shows extremely weak bands in the 
280 - 220 cm-1 region, a strong band at 185 cm~ 1 and 
-1 
a medium band at 120 em • The assignment of metal-
ligand vibrations for terpyridyl complexes must be 
regarded as tentative since the free ligand has wealc 
bands in the region where these modes may be expected 
to occur. These ligand bands may become more intense 
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on coordination and coupling of metal-ligand modes with 
other vibrations is most probable. It is suggested 
that medium strength bands in the 280 - 240 em -1 
region are essentially V(M-N) absorptions (Table 6). 
Weak bands which occur above 300 cm-1 on coordination, 
have also been observed in zinc-terpyridyl complexes191 , 
and are probably activated ligand absorptions. 
Metal-Halogen Stretching Frequencies 
The V(M-X) absorptions are broad, poorly resolved 
bands which move systematically to lower frequencies 
with increasing atomic number of M or X. As for 
transition meta1 2 • 62 and tin192 complexes, the metal-
bromine stretching frequencies, Y(M-Br), occur at 0.65 -
0980 of the frequency of a directly analogous V(M-Cl) 
vibration. The V(M=I): V(M-Cl) ratio is 0.55- 0.65. 
The metal-halogen stretching frequencies of the free 
trihalides193 are lowered considerably on coordination. 
For example, a decrease of over 100 cm-1 is observed 
for the antimony trichloride complexes. This can be 
correlated with increased Sb-Cl distances. The average 
Sb-Cl distance in antimony trichloride is 2.36 R 194, 
while for SbC132Ph3AsO it is 2.46 ~ 
159. Increased 
electron density about the acceptor atom and a change 
in hybridisation/Padduct formation would cause a weakening 
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TABLE 6a 
I 
( -1) 1 a Infrared Spectra500 - 100 em of Nitrogen Ligand Complexes [Of the Groun VB Trihalides 
Compoun_d 
Pyridine 
AsBr32py 
SbBr32py 
/ Dipyridyl ( :02 1) 
AsC13dipy 
l AsBr3dipy 
Asi 3dipy I 
--./v SbC13dipy 
SbBr3dipy j Sbi3dipy 
I BiC13dipy 
I BiBr3dipy 
l Bii3dipy 
a As Nujol mulls 
J! (M-N) 
c 
250sh, 230m 
c 
285s, 254s 
255m, 252m 
Q~S' 
282m, 266m 
251m, 242m 
224m, 212w 
259m, 232m 
214m, 190s 
214m, 185m 
b Not recorded below 200 cm-1 
c V(M-N) obscured by V(M-X) . 
"V (M-X) 
254sh, r-...~ 200sbr 
189sh, 162s 
i403mb 
I 
•420w, 
I 
•416m, 
i 
400wb 
Other Ban~i_s 
I 
I 
I 
I 
144s, 11 9w, 1 07w 
l427w, 404m, 166m, 140sh 
I 
340sh, 31 7s, 304sh, 273s 466vw, 444w, 422w, 411 m, 235mb • 
218s~ 203s, 170s 469vw, 441vw, 402vw, 347w, 143$, 136m, 107w 
1 96s, 1 82 s, 1 60s 
U(O l].l-~t~s, 22ps, 200sh,d 
189s, 167s 
164sh, 145s 
1"73sbr 
124sbr 
I 
I 
479w, 449w, 400w, 346m, 135m i 
462vw, 442vw, 421 w, 40g~- ~~vJ, 3J!svw, ~ l4:~m, 1 04 vw 
I 
465vw, 434vw, 418vw, 407w, 357l, 133m, 127m 
457vw, 438vw, 427vw, 405m, 3501, 334w, 134sh, 109w 
r457w, 440vw, 414m, 403w, 348w, 159s, 128m, 113w 
I 461 w, 425w, 404m, 346m, 158m, 1i46sh, 102m 
452w, 424w, 418w, 404m, 344m, I 1
1
45s, 122m, 1 04w 
I 
TABLE 6b 
Infrared Spectra (500- 100 cm-1 ) of Group VB Trihalide Terpyridyl Complexes8 
Compound V (M-N) 
Terpyridyl 
-
2AsC13terpy c 
AsBr3terpy 272sh, 260m(?) 
3SbC13terpye c 
3SbBr3terpy 260m, 255sh 
B1Cl3terpy 250sh,238sh(?) 
3Sbi3terpy 258m, 253sh 
a As Nujol mulls 
b 
c 
d 
-1 Not recorded below 200 em 
Y(M-N) obscured by ~(M-Cl). 
Y(M-X) broad complex bands 
Y(M-X)d 
-
364s, 334s, 283s 
.-
215 sbr 
284sh, 260s,220s 
189s, 170s 
189sbr, 1 79sh 
14 7s, 134s 
e (NH4) 2SbC15 has V(M-Cl) at 290,260,230. 
Other Bands 
417vw, 401m, 185m, 120m 
444w, 416vw, 407m, 240mb 
467w, 436vw, 411mb 
466vw, 440w, 407m,324w,172m,149m, 118sh. 
466vw, 435w, 407~317w,141m,129sh 
414vw,403m, 302w, 135m, 124m 
466vw, 424w, 404m, 312w, 179m 
~ 
\.J1 
\.J1 
I., .. 
[ ) I ~·\A {-''. r ·, ,_ ' •' l I 
t 1 .. / 
i 
TABLE 7 
•,! 
/ . -, 1·,- -- ( f I . I I I I ,I 
I f ( / 
\ I I ' 
Cm- 1) of 1 Infrared Spectra (500 - 100 _ Oxygen Ligand Comp exes of the Group VB 
Trihalides I" 
Compound 
Ph3As0 
J SbC132Ph3AsO 
SbBr32Ph3As0 
BiC132Ph3As0 J BiBr32Ph3AsO 
pyO 
Asc132pyO 
_AsBr32pyO 
-~ SbC132pyO 
SbBr32pyO 
Sbi 32pyO 
2BiC135pyO 
a As Nujol mulls 
V(M-0) 
3 ?<;,:<.£/..., j 'l ~) !Tj 
38,7sh, 375s 
36L~sc 
369mc 
362mc 
3 G )._ ) '0 _'[ 3-
375m 
·'5?mfr'rl ~ 'tij vn "'. 1· l1' 391m ' 
353m 
308mbr 
3'31sh, 300m 
b Arsenic-phenyl stretching vibration 
c Shoulder on Y(arsenic-phenyl) 
d -1 Not recorded below 200 em 
V(M-X) 
">, r ,- ~- 0~/lh l~j ~,'t'j li~L ,._ ,. ___ ,(_ 
220s, 190s I G 1 r'fl 
155s 
185sbr 
I 
Other Bands 
476s, 469s, 
478s, 468s, 
476m, 465m, 
480s, 473s, 
480s, 472s, 
452m, 403vw, 3~~sb, 322vw, 282vw, 265vw5 242w, 152m 121w 461 sh, 400vw, ~~~t5~, ~~6~, ~~b~~ &lfi/, 24eB1\~', ·~ . 
453sh, 400vw, 3r9s, 049sh, 288w, 254vw, 244vw, 145sbr, 111~~>JI: 
460m, 407w, 352L, 325sh, 250wbr, 142m, 121 sh _/ 
460m, 405vw, 3~.~~~m, 325sh, 255wbrd "10'~ t,~, ?-10 1-oJ ?~-f?0'~'-"·,::1! 
,), . , ;; .. n/ I o. 
469s, 454sh, 235m 
482m, 449m, 230m d 
I 
•:; lr ·.· - lu 
/~til( j 
482m, 448m, 
466m, 445w, 
488m, 442m, 
485m, 460w, 
464m, 45_1=)m, 
d j~~. 11~1: 112~h 'I< ,,, 
301 vw, 274w, 
439w d 
225mbrd 
I 13~m, 120sh 
I 
of the metal-halogen bond. The lowering of Y(M-X) 
frequencies with increased coordination is a general 
trend, and has been observed previously in a variety 
of cases189 . 
Group IVB Tetrahalide Complexes 
The identific~tion of metal-ligand stretching 
frequencies for pyridine and dipyridyl complexes of 
Group VB trihalides, prompted an examination of the 
spectra of some germanium and tin tetrahalide adducts. 
Metal-halogen stretching vibrations have previously 
been assigned for the complexes GeC14 dipy, Sncl4dipy 
and snc14 2py by Beattie et al.,
195 however since 
measurements were only made to 250 cm-1 metal-ligand 
modes were not identified. In the present work metal-
halogen and metal-ligand vibrations have been assigned 
(Table 8). After this work was completed an independent 
\ 
examination of the spectra of the SMridipy o~mplexes 
was published by Farona and Grasselli1 ~9.- Their 
spectral frequencies and assignmen~~ssentially agres 
with the present work. 
1. Dinyridyl Complexes The metal-dipyridyl stretch-
ing vibrations are assigned to the medium strength 
bands occurring in the 250 - 240 cm-1 range. For 
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snBr4dipy, V(Sn-N) and y(sn-Br) occur at similar 
frequencies and therefore separate assignment of 
y(Sn-N) is not possible, although Farona and Grasselli 
have assigned the highest energy component of the three 
bands to this mode196 • 
2. Plridine Complex~~ For the Snc142py complex 
the bands at 229, 223 cm-1 are assigned to the metal-
ligand stretching vibrations. The analogous mode for 
8nol4dipy lies at slightly higher frequencies. For 
these two compounds the V(Sn-01) bands are clearly 
multiple, and closely similar in profile and position, 
thus indicating the Snc142py complex has a cis configura-
tion. For a trans complex only one V(Sn-Cl) band is 
allowed in the infrared, whereas for a cis complex four 
~(Sn-01) bands are allowed197. Beattie et al195 
apparently observed only one V(Sn-Cl) component and 
therefore assigned a trans configuration to the pyridine 
complex. As for the corresponding dipyridyl complex 
separate assignment of the Y(Sn-N) and y(Sn-Br) modes 
for SnBr42py is not possible. 
Oomnarison of Metal-Halogen Freguencies for Complexes of 
the Group IVB and VB Halides 
In the present work metal-ligand and metal-halogen 
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stretching vibrations have been assigned for a range 
of Group IVB and VB halide complexes. The average 
values of these vibrations are listed in Table 9, along 
with values for Group IVB oxo-adducts~ whose infrared 
spectra have been assigned previously190,i98 , 201 . The 
complexes are all of the type MXn2L' or MJS11 11 (n = 3 
or 4; L' = I)1ono-, L" = bidentate ligand). The Group 
IVB complexes are presumably octahedral and the VB 
complexes pseudo-octahedral, the lone pair of electrons 
occupying the sixth position. For the arsenic and 
antimony adducts the y(M-1) frequencies fall in the same 
range as for the corresponding germanium and tin 
compounds. However the values for V(Sb-X) are consider-
ably lower than those for V(Sn-X). The lower V(Sb-X) 
frequencies can be correlated with greater average 
Sb-X bond lengths. For example the average M-Ol 
distances in (NH4 ) 2sncl6 and (NH4) 2SbC15 are 2.41 ~ 205 
and 2.57 R 158 respectively. 
For arsenic and germanium halide complexes, infrared 
--y·' data j:s> limited. Although As-Cl and Ge-Cl stretching 
frequencies appear to occur in the same region, As-Br 
frequencies are lower than the only reported Ge-Br 
frequency (Table 9)o 
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TABLE 2. 
Comparis,on of v(M-X2 a and v{M-1) a fo:t:: .. _Groun IVB and VB 
Halide Comglexe~ 
Compound y_(M-X) 
Gec142pyO 320 402 AsC132pyO 307 375 
Gecl4dipy 319 241 AsC13dipy 308 
Cs 2Gecl6 310 
(NEt4 ) 2GeC16 293 
Gecl 2acac 322 
GeBr2acac 270 270 
Snc14 2pyO 313 382 SbC132pyO 232 391 
Sncl42Ph3As0 307 392 SbCl32Ph3AsO 200 379 
Snc14dipy 308 250 SbCl3dipy 225 274 
cs2snc16 310 (Na4) 2SbC15 260 ( NEt4 ) 2snC 16 
SnBr42pyO 221 372 SbBr32pyO 180 353 
SnBrL~2Ph3AsO 217 393 SbBr32Ph3AsO 155 364 
SnBr4dipy 238 SbBr3dipy 1 78 247 
8nBr42py 229 SbBr32py 1 71 237 
Sni4dipy 181 248 Sbi3dipy 149 220 
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a Average values; from this work and refs. 190,195,196,198-204. 
Review of Metal-Ligand Freguencies for Related Complexes 
Metal-ligand stretching vibrations have been 
assigned previously for transition metal and tin 
complexes of triphenylarsine oxide and pyridine N-oxide. 
For triphenylarsine oxide complexes V(M-L) frequencies 
lie in the L~40 - 370 cm-1 range9' 190 and f'or pyridine 
N-oxide complexes, between 450 and 300 cm-1 20 • 201 , 202 • 
The metal-ligand bands for the bidentate analogue of 
pyridine N-oxide (2,2 1 -dipyridine N,N'-dioxide) occur 
206 at similar frequencies • Metal-pyridine vibrations 
for transition metal complexes have been identified 
below 290 cm-1 90, 191 •207, 205 v 209 , but no assignments 
had been made for p-block complexes. Several metal-
terpyridyl stretching vibrations would be expected, 
although no evidence was found for such modes for rare 
210 
earth complexes • Bands at 243 - 245 cm-1 in the 
spectra of Zn(terpy)X2 (X= Cl, Br, I) complexes have 
been attributed to Y(M-N) vibrations191 • Such 
assignments must be regarded as tentative since the 
use of a chelate ligand introduces complications 
associated with ring vibrations. 
There has been some uncertainty over the assignment 
of metal-dipyridyl stretching vibrations. Absorptions 
attributable to this mode have been found in the 300 -
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200 cm-1 region for transition metal and rare earth 
-1 
complexes. Bands between 300 and 250 em have been 
assigned to V(M-N) modes for the tris dipyridyl 
complexes of Cu(II), Ni(II) and Zn211 • Similar 
assignments have been made for other Cu(II) dipyridyl 
212 213 
compounds ' and for M(dipy)X2 (M = Pd, Zn; X = 
Cl, Br, I) complexes1 9 1 ~ 209. For a series of rare 
earth complexes of dipyridyl the Y(M-N) frequencies 
( -1) 290 - 210 em were related to the polarizing power 
of the cation21 4. However, Clark and Williams 215 
consider that for the cations of the type M(dipy) 3
2
+ 
(M = Mn, Fe, Co, Ni) and M(dipy) 3
3+ (M =Fe, Co) bands 
-1 between 282 and 228 em are ligand modes activated by 
the crystal field on coordination. No bands were 
observed in this region for• the low spin complexes 
[Fe(dipy) 31 Cl2 .6H2o, [Fe(dipy) 3J (clo4 ) 3 .3H20 and 
Both spin-pairing and an 
increase in oxidation state, increases metal-ligand 
modes 2 ' 62 so that for these complexes they would be 
expected to occur above 300 cm-1 It may be that for 
the three low-spin complexes studied the v(M-L) band is 
very weak and has not been observed21 6. A comparison 
may be made with the octahedral hexamine complexes 
where V(M-N) is strong (at 334- 298 cm-1) for the 
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. 1 
divalent complexes but very weak (at i..J-99 - 449 em- ) 
217 for the trivalent complexes . For the high-spin 
series [M ( dipy) 3J Br2 , the bands follow the expected 
trend for a Y(M-L) mode; that is an increase in 
frequency on going from Mn (228 cm-1 ) to Co (261cm-1 ) 
toNi (282cm-1 ). This order has been found for a 
20 206 90 217 
number of oxygen ' and nitrogen donor ' com-
plexes. It is therefore considered that these bands 
are essentially metal-di~yridyl stretching modes. 
For alkyl tin halide complexes of dipyridyl Y(M-N) 
modes have not been observed189, however they would be 
-1 
expected to occur below 200 em • 
Further supnort for the assignment of metal-
dipyridyl stretching vibration to the absorptions 
~1 between 300 and 200 em is obtained from the Group VB 
trihalide complexes. Metal-ligand modes fall in the 
same general region for transition metal and Group VB 
trihalide complexes. However 9 unlike transition metal 
halide complexes9, 19,90, 1 91 the Y(M-L) bands for the 
VB halide adducts show a systematic decrease in fre~uency 
as the electronegativity of the halogen is decreased, 
indicating the im~ortance of the inductive effect in 
such complexes (Table 10). 
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TABLE 10 
Comparit}.Q,l1 of' v(M-L),a for Grou12 VB and Transition 
Metal Halide Comnlexes 
.Oomnound V{M-L) Qgm12ound V{M-:~) 
SbC13dipy 274 ZnC dipy 241 
SbBr3dipy 247 ZnBr2dipy 250 
Sbi3dipy 220 Zni 2dipy 250 
SbC132pyO 391 CoC122Me3No 568 
SbBr32pyO 353 CoBr22Me3No 564 
Sbi32pyO 308 
SbC132Ph3AsO 379 FeC122Ph3AsO 384 
SbBr32Ph3AsO 364 FeBr22Ph3AsO 399 
a Average values; from this wox•lc. and refs. 9,19,191a 
EXPERIMENTAL 
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PREPARATION OF CC'f!PLEXES 
The preparation and all handling of the complexes 
was carried out in a dry box. Volatile reaction 
components were manipulated using a vacuum line. 
Generally complexes were prepared by the direct 
combination of stoichiometric ratios of the ligand 
and trihalide in anhydrous solvents. Procedures used 
for drying the solvents are described in Chapter 4 . 
After collection on a sintered-glass crucible, the 
adducts were washed with pure solvent, followed by 
petroleum ether (50 - 70°), and pumped dry \mder high 
vacuum. Since the arsenic complexes usually suffer 
immediate hydrolysis on exposure to air~ they were 
handled only in rigorously anhydrous conditions. 
Antimony and bismuth complexes were found to be more 
stable. 
Arsenic trichloride, arsenic tribromide, antimony 
trichloride and antimony tribromide were distilled 
immediately before use. Bismuth trichloride was 
sublimed in vacuo and freshly opened reagent grade 
samples of the remaining trihalides were used as received. 
1. P~ridi~e Complexes 
1Analar' grade pyridine was dried over potassium 
hydroxide and fr'lctionally <'l.istilled. The fraction 
boiling at 114.7- 115° was collected and stored 
over barium oxide. Generally the pyridine complexes 
were prepared by distilling toluene and excess pyridine 
from a vacuum line onto the metal salt. The reaction 
tube was sealed under vacuum and shaken for two days, 
whereupon it was transferred to a dry box. The 
product was washed by decantation with toluene and 
petroleum ether (50 - 70°) • Excess solvents were 
removed by reattaching the tube to the vacuum line 
and pumping off for a short period (< five minutes). 
Tribromobis (nyri.din~) arsenic(.III) 
A yellow powder was formed from arsenic tribromide 
(0.93g.) and pyridine (5 ml). The complex is rapidly 
hydrolysed in air. X-ray powder photographs show 
arsenic(!!!) oxide to be a decomposition product. 
0 Melting point: 195 . Found: c, 25.9; H, 2.8; 
Br, 50.6. c10H10AsBr3N2 requires c, 25.4; H, 2.1; 
Br, 50.-p/o. 
Triiodo(pyridine)arsenic(III) 
Arsenic triiodide (1.01g.) and pyridine (5 ml) 
reacted to give an orange powder which decomposed on 
grinding. Found: c, 1 o. 7; H, 0.97, I, 70. 7. 
c5H5Asi 3N requires C, 11 .2; H, 0.94; Ip 71.4%. 
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Trichloro(nuridine}~~tim~ytLII) 
This was prepared as a white precipitate from 
antimony trichloride (o.6og&) and pyridine (1rnl). 
Melting point: 185°. Found: O, 19.5; H, 2.0; 
01, ~+~0. c5u5o13NSb requires C, 19.5; H, 1.6; 
Cl, 34.6%. 
Hexachlorotris(P.!ridine)diantimon~(III) 
When pyridine (7 ml) was distilled directly onto 
antimony trichloride (1.08g.) without additional solvent 
the trihalide dissolved to give a colourless solution. 
As pyridine was pumped off a viscous product formed 
which solidified on the addition of petroleum ether 
(50- 70°). The white complex was not pumped off. 
Melting point: 185°. Because the complex rapidly 
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loses pyridine carbon analyses were always low. Chloride 
however was determined immediately af'ter preparation. 
,Found: c, 24.1 (24 hours later: 22.9); H, 2.2; 
Cl, 30.7; o15H15cl6N3so2 requires C, 25.9; H, 2.2; 
Cl, 30.7%. 
Tribromobis(nuri.dine)antimony(III) 
Reaction of antimony tribromide (1.15g.) and 
pyridine (5 ml) gave a yellow complex. Found: C, 24.5; 
H, 2e6; Br, 46.2. c10H10Br3N2Sb requires C, 23.1, 
H, 1.9; Br, 46.1%. 
Hexachlorotris(D~ridin~)dibismuth(III) 
A white powder formed from bismuth trichloride 
(1 .42g.) and nyridine (6 ml)~ 
pmnping for 5 hours: 0~8%. 
Loss of weight on 
Found: C, 20. 6; H, 1.9; 
Cl, 24.1, c15H15Bi2Cl6N3 requires C, 20.7; H~ 1p7; 
Cl, 24. 5%. 
Tribrornobis(n;y:ridine)bi~rnuth(III) 
Pyridine (5 ml) was distilled directly onto 
bismuth tribromide (0.52g.). Addition of petroleum 
ether (50 - 70°) gave a yellow complex. Found: 
O, 20.8; H, 2~1; Br, 39.7. c10H10Br3BiN2 requires 
O, 19.8; H, 1. 7; Br, 39.5%. 
Samples of the dipyridyl adducts of arsenic 
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218 tribromide and the bismuth trihalides prepared by Roper 
were used. The renmining dipyridy,_ complexes were 
prepared according to Roper and Wilkins17°. The 
dipyridyl was dried over phosphorus pentoxide. 
Trichloro(2,2 1 =dii!X£idyl)arseni~(III) 
Arsenic trichloride (1 .5g.) was distilled from 
a vacumn line onto a frozen solution of dipyridyl (1.21g.) 
in benzene. Reaction occurred on warming. The 
yellow complex was transferred to a dry box for 
. collection and washing. Found: 01, 31.9. 
c1ciH8As013N2 requires 01, 31.6%. 
Triiodo(2,2'-dinyrid~l)arsenic(III) 
A brown precipitate formed on mixing toluene 
solutions of arsenic triiodide (0.82g~) and dipyridyl 
(0.28g.). Founa: I, 62.4. o18H8Asi 3N2 requires 
I, 62.2%. 
Trichloro(2,2'-dip~rid~l)antimony(III) 
This was prepared as a cream precipitate from 
benzene solutions of antimony trichloride (1 .03g.) 
and dipyridyl (O.?Ogo). Found: 01, 27o2. 
c10H8cl3N2Sb requires 01, 27.7.foo 
Jribromo{2 1 2 1 -din~ridUl}antimon~liii) 
An·timony tribromide (0.54g.) and dipyridyl 
(0.24g.) dissolved in toluene gave a bright yellow 
complex. Found: Br, 46.5. o10H8Br3N2Sb requires 
Br, 46 .. 3%. 
This complex formed as a dark red powder from 
toluene solutions of antimony trllodide (0.57g.) and 
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dipyridyl (0.15g.). Found: I, 58.2 
requires I, 57.8. 
3. 2, 2 1 1'2 11 -Terpy~idyl_ Complexes 
2,2 1 ,211 -Terpyridyl was :r-ecrystallised f'rom 
petroleum ether (50 - 70°), M.Pt. 88°. Generally 
the complexes were prepared by reacting the ligand and 
the trihalide in equimolar ratios. 
pichl oro( 2, 2' , 211 -terpyridy_l} arsenic (III) Tetrachloro-
arsenite(III) 
Excess arsenic trichloride (1.61g.) was distilled 
from a vacuum line onto a benzene solution of terpyridyl 
( 0.49g.). An analytically pure yellow complex was 
isolated only after the reaction mixture had been 
shaken for 2 days. Found: C, 30.8; H, 2.0; Cl, 
35.6. c15H11 As2cl6N3 requires c, 30.2; H, 1.8; 
not 
Cl, 35.7%. This complex was/obtained analytically 
pure if the reaction was carried out using the components 
in equimolar ratios. 
Dibromo( 2, 2' , 211 -terJ2yridyl} arsenic (IIrl Bromide 
An orange precipitate was obtained from toluene 
solutions of arsenic tribromide (0.50g.) and terpyridyl 
1 71 
(0.37g.). 
Br, 43.8%. 
pi chloro(2 ~_2 1 , 211 -terQ;yrid;y1) an timon;y_(III) Pent8_ch1oro- · 
ant irnona te ( IIlJ. 
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Antimony trichloride (0.23g.) and terpyridyl (0.23g.) 
dissolved in toluene gave a yellow powder. Found: 
C, 30.5; H, 2.5; Cl, 27~8. c 30H22cl6N6sb3 requires 
C, 31.3; H, 1.9; Cl, 27.7%. 
Dibromo(.2, 21,211 -terQ;yrid;yl) s.ntimon;y( III) Pentabromoanti-
,ll)onate(III) 
From toluene solutions of antimony tribromide 
(0.68g.) and terpyridyl (0.34g.) an orange complex was 
precipitated. Found: C, 23.9; 
c 30H22Br6N6sb3 requires C~ 23.2; 
H, 1.6; 
H, 1 .4; 
Br, 46.1. 
Br, 46 .. 4%. 
Di iodo{ 2, 2 '..12 11 -te rQ;yr:,id;zl} an timoni[{ I II) Penta i odq-
-~nt;!.mon~te (III) 
A dark red powder formed when antimony triiodide 
(0.50g.) and the ligand (0.23g.) were mixed in toluene. 
Found: C, 18.9; H, 1.3; I, 57.0. c30H22I6N6Sb3 
requires C, 1 8. 2; H, 1 • 1 ; I, 57. 9%. 
Trichloro( 2 1 2 '_, 211 -terRyridyl) bismuth( III) 
Bismuth trichloride (0.64g.) and terpyridyl (0.47g.) 
dissolved in acetone reacted to give a cream precipitate. 
Found: O, 32.9; H, 2.6; Cl, 19.1. o15H11 Bi013N3 
requires c, 32.8; H, 2.0; 01, 19.4%. 
4. Pyridine N-Oxide Complexes 
Pyridine N-oxide was distilled under high vacuum 
before use. 
Jrichlorobis{ll~ridine N-oxide) arse4ic(III) 
Arsenic trichloride (0.57g.) was distilled from a 
vacuum line onto a frozen benzene solution of pyridine 
N-oxide (0.74g.). On warming an oil separated? 
which solidified when stirred with petroleum ether 
(BP . 55 ~ 115°). Found: 0~ 32.5; H, 3.3; 01, 28.0. 
c10H10Ascl3N2o2 requires O, 32.3; H, 2.7; Cl, 28.6%. 
Tribromob1s(J2~rid1ne N-oxide,Brsenic (III l. 
This was formed as a pale yellow powder from 
toluene solutions of arsenic tribromide (1.52g.) and 
pyridine N-oxide (1.3g.). Found: o, 23.8; H, 2.4; 
Br, 47.3. c10H10Br3AsN2o2 requires 0, 23.8; H, 2.0; 
Br, 47.5%. 
Reaction of ~~ridine N-oxide with arsenic triiodide 
A brick-red precipitate formed from toluene 
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solutions of arsenic triiodide (0.67g.) and pyridine 
N-oxide (0.28g.). When isolated the complex rapidly 
decomposed, liberating iodine. 
Tri chl orobj:s ( :Q,yp_i,dine I:I::-oxide) antimon;y:(III) 
Reaction between antimony trichloride (o.66g.) 
and pyridine N-oxide (0.75g.) dissolved in toluene, 
gave a white powder. Found: 0, 29.0; H, 2.5; 
Cl, 25.9. c10H10c13N2o2sb requires C, 28.Q7; H, 2.4; 
Cl, 25.4%. 
Tribromobis{pyridine N-oxide)antim9ny{IIl) 
A yellow precipitate formed from toluene solutions 
of antimony tribrornide (0.52g.) and the ligand (0.30g.) 
Found: C, 21.4; H, 2.0; Br, 43.7. c10H10Br3N2o2sb 
requires C, 21.8; H, 1.8; Br, 43.5%. 
Tri iodidobis ( Q;:[ridine N-oxide) ~!li=!.Jl}ony( III) 
This complex was prepared as above using antimony 
triiodide (1 .og.) and pyridine N-oxide (0.26g.). 
Found: C, 18.1; H, 1.7; I, 55.2. c10H10I 3N202Sb 
requires C, 17.3; H, 1.4; I, 55.0%. After a week 
the bright orange complex had decomposed, liberating 
iodine. 
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.!:!exachloropentakis(p;yridine N-oxide)dibismuth(III) 
Bismuth trichloride (0.41g.) and pyridine N=oxide 
(0.2g.) reacted in acetone or tetrahydrofuran to give 
a pale yellow complex. Found: O, 27.1; H, 2.4; 
01, 19.2%. The same product was obtained from 
reactions involving a greater metal halide:ligand ratio. 
5e Triphen;ylarsine O~de Complexes 
Triqqlorobis(tripben~larsine oxide)antimony(III) 
This complex has been reported by Phillips and 
32 Tyree . Benzene solutions of antimony trichloride 
(Oe42g.) and triphenylarsine oxide (1.22g.) were mixed. 
On standing overnight, colourless crystals deposited. 
Tribromobis(triphenularsine oxide)antimonu{III) 
Antimony tribromide (1o00g.) and triphenylarsine 
oxide (2.27g.) dissolved in benzene gave a yellow oil, 
which solidified on the addition of petroleum ether 
(50 - 70). Found: C, 44 .. 1; H, 3.2; Br, 23.1. 
c36H30As2Br3o2Sb requires O, 43.0; H, 3vO; Br 1 23.8%. 
175 
ReE!ction of triphenylars:l.ne oxide with antimonu 
triiodide 
An inhomogeneous product separated when acetone 
solutions of antimony triiodide (0.50g.) and triphenyl-
arsine oxide (0.63g.) were mixed. The absence of a 
band assignable to V(As-0) in the infrared spectra 
of the product indicates that reduction of the ligand 
had occurred. 
Trichlorobis(triRhenularsine oxide)bismuth(III) 
Bismuth trichloride (0»12g.) and triphenylarsine 
oxide (0.25g.) gave a white precipitate from benzene. 
Found: O, 43.9; H, 3.1; 01, 11 .9. c36H30As2Bi013o2 
requires 0, 45.0; H, 3.1; 01 9 11.1%. 
Tribromobis{triphenylarsine oxide}bismuth(III) 
This was formed as a pale yellow powder from 
acetone solutions of bismuth tribromide (0.53g.) and the 
ligand (0. 76g.). Found: C, L~O.O; H, 3.0; Br, 21.6. 
o36H30As2Br3Bi02 requires C, 39.5; H, 2.8; Br, 21 .9%. 
6. Ammonium Pentachloroantimonate(III) 
This was prepared according to Edstrand et al1 58. 
Antimony trichloride (1 .82g.) was mixed with ammonium 
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chloride (0.57g.) in 1M. HCl. The solution was 
evaporated until crystallisation began and then 
placed in a vacuum desiccator over concentrated 
sulphuric acid for 20 hours. Found: Cl, 52.2. 
H8Cl5N2Sb requires Cl, 52.9%. 
7. Tin Complexes 
Samples of tin complexes th~t had been previously 
prepared in this department were used for the infrared 
studies. 
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PHYSICAL METHODS 2 !d'L\V(§)·:~J ,_~_..~TD REAGENTS 
The physical measurements were made as described 
in Chapter 4, Section I. Methods not mentioned 
previously are described below. 
-1 Infrared Spectra below 200 em were recorded on an 
R.I.I.C. interferometer by Dr B.P. Straughan, 
Newcastle-upon-Tyne, and on a laboratory built21 9 
(Physics Department, University of Canterbury) spectra-
meter. 
Molar Conductivities for the solvents used in this 
section are: 
1 : 1 
1: 2 
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The preparation of high-spin five-coordinate com-
plexes of composition, [ M L5]2+- . and [ML4( Cl04) ]2+, 
L=MeJPO and Me3AsO, is reported· for a number 
of first row divalent transition metal ions. The 
spectra of these · compounds can best be correlated 
with a basically square pyramidal structure. Five-
coordination is considered to be stabilised by the 
packing requirements of these ligands. The particular 
sensitivity to moisture of the Me1PO complexes is 
related to the attainment of six-fold coordination with 
the formation of [ML-'(Hz0)] 2+ complexes. Low-
frequency infrared data are presented and comparisons 
made with data for related [ML4]2+ tetrahedral com-
plexes. 
Introduction 
Although examples of five-coordinate bivalent first 
row transition metal complexes with polydentate 
ligands are becoming increasingly common, examples 
of corresponding complexes with monodentate ligands 
are few and MLs complexes with identical ligands are 
limited to low-spin species such as Fe(CO)s, 
[Ni(CN)5 }3- and [Co(CNCH3)s]+.1 We have now 
prepared a range of high-spin [ML5 ] 2+ complexes with 
the oxo ligands Me3PO and Me3AsO (Table I) and a 
related series of [ ML4( Cl04)] + complexes has also 
been isolated. All of these complexes are readily 
obtained under anhydrous conditions- [MLs ]2+ using 
a slight excess of the ligand in acetone while 
[ML4(Cl04) ]-+ are favoured using a deficiency , of 
ligand and ethanol as solvent. The compounds are 
generally sensitive to atmospheric moisture though 
with the [ML5 ] 2+ series ·the trimethylarsine oxide 
derivatives are less sensitive than their phosphine 
oxide analogues. The complexes are all decomposed 
in solution except for [Ni(Me3As0)s](Cl0th which 
is relatively stable in acetone. The range of five-
coordinate complexes of both types extends from 
manganese to nickel, with the exception that it has 
not been possible to obtain the [FeLsJ2+ and 
[CoL4(Cl04)]+ compounds (Table 1). An X-ray 
structure analysis of [Ni(Me3As0)s](Cl04)z ·is now 
being attempted in these laboratories. 
Results and Discussion 
X-ray powder photographs show that all the [MLs]-
(Cl04h complexes have the same structure, and elec-
tronic reflectance spectra for the cobalt and nickel 
compounds (Table II) indicate a structure approx-
imating that of a square pyramid. The spectra more 
closely resemble those obtained for other complexes 
known from X-ray analysis to have this configuration 
rather than those from complexes of the trigonal 
bipyramidal class.2 Representative spectra from the 
present series are shown with those of [Co(Mesdien)Ch] 
and [Ni(Mesdien)Cb]3 in Figure 1. The same basic 
structure is also suggested for the [ML4(Cl04)]+ 
complexes. The spectra of [Ni(Me3As0)4(Cl04)]Cl04 
and [Ni(Me3As0)4(Cl04)]BPh4 are very similar to that 
of [Ni(Me3As0)s](Cl04h (Figure I) and the iron(ll) 
and manganese(II) ML4(Cl04)z compounds (L=Me3PO 
and Me3AsO) can reliably be formulated in the same 
manner in view of the close similarity of their X-ray 
powder photographs to that of [Ni(Me3As0)4(Cl04) ]-
Cl04. The isolation of the tetraphenylboron com-
plexes1 for Fen and Nin (Table I) in itself also provides 
Table I. Five·Coordinate Complexes from Trimethylphosphine Oxide and Trimethylarsine Oxide 
[Mn(Me,PO),](CIO,), [Co(Me,PO),](CIO,), b [Ni(Me,PO),](CIO,), 
[Mn(Me,AsO),](CIO,), (Co(Me,AsO),](CIO,), b [Ni(Me,AsO),](CIO,), c 
~Fe(Me,PO),(CIO,) ]CJO, [ Cu(Me,PO),(CIO,) ]CIO, [Mn(Me,AsO).(CIO,))CIO, Fe(Me,AsO).(CIO,))CIO, [Ni(Me,AsO).(CIO,))CIO, [Cu(Me,AsO).(CIO,))CIO, d Fe(Me,AsO).(CIO,)]BPh. [Ni(Me,AsO).(CIO,))BPh. 
a Complexes could not be isolated. b With these ligands cobalt also forms tetrahedral complexes [CoL,](ClO,),, isomorphous 
with their zinc analogues (refs. 5 and 6). c Corresponding compounds [Ni(Me,AsO)s]X,, with X= NO,- or BF,- were ob-
tained. d A tetraphenylborate analogu,e could not be prepared. 
(1) J. Donoghue and A. Caron, Acta· Cryst., 17, 663 (1964); K. N. 
Raymond, P. W. R. Corfield, and J. A. lbers, Abstracts Amer. Cryst. 
Assoc., p. 65, Jan. -(1967); F. A. Cotton, T. G. Dunne, and J. S. 
Wood, Inorg. Chern., 4, 318 (1965). 
(2) F. Lions, I. G. Dance, and J. Lewis; /. Chern. Soc., (A), 565 
(1967), and references therein. 
(3) M. Ciampolini and G. P. Speroni, Inorg. Chern., 5, 45 
(1966). 
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Table II. Band Maxima (kK) for Diffuse Reflectance Spectra 
9.8wbr 
1l.Owbr 
[Fe(MeJPO),(ClO,)]ClO, 
[Fe(Me3AsO),(Cl0,) ]ClO, 
[Co(MeJPO),](ClO,)z 
[Co(Me3AsO),](ClO,)z 
[Ni(MeJPO)s](ClO,)z 
[Ni(MejAsO),](Cl04)z 
20.2 sh, 19.65 s, 18.4 s, 16.9 s, 10.5 m, 7.6 m br 
19.6 s, 18.7 s, 17.0 s, 11.0 m, 8.5 m br 
[Ni(Me3As0)s](BF,)z 
[Ni(Me3As0)s](NOJ)z · 
[Ni(Me3AsO).(ClO,)]Cl04 [Ni(Me3AsO).(ClO,)](BPh,) 
[ Cu(Me3PO),(Cl0,) ]Cl04 [Cu(Me3As0).(Cl0,)] ClO, 
22.2 s, 19.4 sh, 17.3 w, 13.95 w, 10.8 m, 8.3 w bra 
22.2 s, 19.2 m, 17.15 w, 13.6 sh, 11.3 m, 8.6 wbr a 
22.2 (120), 19.2 sh, 17.2 sh, 13.6 (5), 11.3 (20), 8.6 sh b 
22.1 s, 19.1m, 17.15w, 13.5sh, 11.3m, 8.7wbra 
22.2s, 19.1m, 17.15w, 13.55sh, 11.3m, 8.6wbra 
22.3s, 19.4m, 17.2sh, 15.6w, 13.5sh, 11.2m, 8.6wbra 
22.3 s, 19.4 sh, 17.2 sh, 15.4 w, 13.4 sh, 11.3 m, 8.6 w bra 
16.7 sh, 11.4 m br 
17.0 sh, 14.5 m br 
[ Co(Me3PO),(H20)] (Cl04) 2 c 
[Co(Me3PO),(H20)2](Cl04) 2 c 
[Ni(Me3PO),(H20)](Cl04) 2 c 
[Ni(Me3AsO).(N03)](BPh.) c 
20.5 sh, 18.45 m, 13.25 w, 8.5 mw, 7.0 m 
20.5 sh, 18.45 m, 13.25 w, 10.0 mw, 8.5 mw, 7.0 mw 
23.2 m, 14.5 sh, 12.2 m, 7.1 m br 
23.4 m, 13.7 sh, 12.3 m, 7.2 w br 
a For the five-coordinate nickel complexes there is also evidence of a band with maximum below 5kK. 1> Acetone solution 
(2.16X tQ-3 M), with molar. extinction coefficients in parentheses. c Octahedral complex. 
evidence for this formulation. The copper com-
pounds of composition CuL4(Cl04)2, L=MeJPO· and 
Me3AsO, give similar powder photographs to those 
from the other [ML4(Cl04)]+ complexes (though with 
several additional lines in the case of the arsine oxide 
complex). They are therefore considered to have 
essentially the same configuration. A square planar 
structure has previously been assigned4 to the complex 
of composition Cu(Me3POMCl04)2. With zinc only 
[ZnL4]2+ complexes, isomorphous with their tetra-
hedral cobalt analogues, could be isolated.5•6 · How-
ever, a lowering of the \I(M-0) mode from 430 cm-1 
to about 400 cm-1 when excess ligand was added to 
a nitromethane solution of [Zn(Me3As0)4](Cl04)2 may 
be taken as indication of the development of higher 
coordination (see below). It is of interest that 
crystalline five-coordinate [ZnLsY~ and [ZnL4(Cl04)]+ 
complexes can be obtained with the related diphenyl-
methylphosphine oxide and arsine oxide.6•7 
Somewhat surprisingly the \I(Cl-0) absorptions do 
not give definite indication of perchlorate coordination 
for the [ML4(Cl04)]+ complexes. There is no conspic-
uous splitting of the \I(Cl-0) band as is usually ob-
served for anion coordination8 although a shoulder 
appears at 1065 cm-1 for the BPh4- complexes. How-
ever, it is recognised that this is not a reliable criterion 
and anion coordination (Clo4- and BF4-) has been 
established for a number of comp~unds which do not 
show splitting of anion absorptions.9 ' 10•11 On the other 
hand correlations of the degree of splitting and the 
strength of coordination have been made9 and on this 
basis the lack of splitting for these complexes indicates 
a weak association of perchlorate. 
With the ligands Ph2MePO and Ph2MeAsO com· 
plexes of the [ML4(Cl04)]+ type (M=Mn, Co, Ni, 
(4) D. M. L. Goodgame and F. A. Cotton, J, Chern. Soc., 2298 
(1961). (5) A. M. Brodie, S. H. Hunter ,G. A. Radley, and C. J, Wilkins, 
I• Chern. Soc., (A), 987 (1968). 
(6) S. H. Hunter and G. A. Radley, unpublished results. 
(7) J. Lewis, R. S. Nyholm, and G. A. Radley, Nature, 207, 72 
(1965). 
(8) B. J. Hathaway and A. E. Underhill, /. Chern. Soc., 3091 
(1961). 
(9) ,G. A. Radley and P. W. Smith, /. Chern. Soc., (A), 1580 
(1967). (10) R. D. Cannon, B. Chiswell, and L. M. Venan;zi, f. Chern. 
Soc., (A), 1277 (1967). · 
(11) D. S. Brown, J. D. Lee, B. G. A. Melson, B. J. Hathaway, 
I. M. Procter, and A. A. G. Tomlinson, Chern. Cornrn., 369 (1967). 
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Figure 1. Electronic Reflectance Spectra: A, [Co(MeJPO)s} 
(ClO,)z; B; [Co(Me3AsO),](ClO,)z; C, [Co(Mesdien)Clz] ; 
D, [Ni(Me3AsO)s](ClO,)z; E, [Ni(MeJAsO).(ClO,)]ClO,; 
F, [Ni(Mesdien)CJ,]. 
and Zn) do by contrast show considerable splitting of 
\I(Cl-0) absorptions,6•7 indicating stronger perchlorate 
coordination. From a steric point of view it is un-
likely that the diphenylmethyl substituents provide a 
significantly more favourable arrangement for per-
chlorate coordination than the trimethyl analogues 
although the smaller steric requirement of trigonal 
than tetrahedral carbon may be helpful. In fact a 
limited examination has shown that with Ph2MePO, 
[ML5] 2+ compounds of iron, cobalt,,nickel, and zinc 
can also be isolated6 and this shows that the diphenyl-
methyl ligands are certainly not less favourable for 
the formation of five-coordinate complexes. 
Table Ill. Infrared Spectra (cm-1) 
Compound 
Me,PO 
[Mn(Me,PO)s](Cl0,)2 
[Fe(Me,PO),(ClO,)]ClO, 
(Co(Me,PO),](Cl0,)2 
[Ni(Me,PO)s](Cl0,)2 
[Cu(Me,PO),(ClO,)]ClO, 
Me,AsO 
[Mn(Me,As0)s](Cl0,)2 
[Mn(Me,AsO).(ClO.)]ClO, 
[Fe(Me,AsO).(CIO,)]ClO, 
(Fe(Me,AsO).(CIO,) ]BP~ 
~ Co(Me,AsO)s] (Cl0,)2 
(Ni(Me,AsO),] (ClO,)z 
[Ni(Me,As0)s](BF,)2 
[Ni(Me,AsO)s] (N0,)2 
[Ni(Me,AsO).(CIO,) ]CIO, 
[Ni(Me,AsO).(CIO,) ]BP~ 
[Cu(Me,As0).(CIO,)]Cl04 
'V(P-0), 'V(As-0) 
1166 s 
1146 s, 1135 s 
a 
1145 s 
1141 s, 1132 s 
1120 sh 
870 s 
869 s, 863 s 
868 s, 855 sh 
861 s 
855 s 
867 s, 857 sh 
866 s 
866 s 
866 s 
866 s 
864 s 
854m, 833s' 
'V(M-0) 
404m, 400m 
423m 
409m 
420m 
466m, 454m 
366m 
368m, br 
402 m, br 
415 m, br 
407 m, 391m 
407m 
407m 
408m 
407 m, br 
410 m, br 
470m 
Other bands (500·200 em-') 
375 sh, 365m, 315 w, 242 vw 
363m, 320 w, 255 vw 
366 m, 265 vw, 242 vw 
365m, 324 w; 251l vw 
366m, 324 w, 258 vw 
363m, 338 w, 261 vw 
266m 
284m 
306w, 279m 
307m, 283 sh 
468 w,b 300m, 279m 
285m 
290m 
291m, 278 sh 
290m, 279 sh 
283m 
468 w,u 293m, 280 sh 
288m, 268 sh 
197 
a Obscured by perchlorate band. b BP~- band. c Contains methyl rocking mode normally observed at 840 em·'. 
The infrared data are presented in Table III. The 
v(P-0) and v(As-0) modes are affected by coordination 
in the usual manner. The simplicity of the ligand 
spectra enabled additional bands for the complexes 
to be assigned as v(M-0) modes. Only one such 
band was usually observed for each complex, although 
three would be expected for square pyramidal MLs 
structures12 and an identifiable perchlorate v(M-0) ab-
sorption for the [ML4(Cl04)]+ complexes might be 
anticipated. It is significant that lower v(M-0) 
values arise from the five-coordinate cobalt com-
plexes as compared with values for the four-coordinate 
tetrahedral complexes (460,448cm-' for [Co(MelP0)4]-
(Cl04)z; 442,428 cm-1 for [Co(Me3As0)4](Cl04)2).5·13 
Assuming the generality of this effect it may be used 
to distinguish between four- and five-fold coordination 
as mentioned above for zinc complexes. As has been 
generally observed for other o~o complexes low 
v(M-0) values are found .for manganese complexes 
and high values for copper.14 
The magnetic moments show that all the complexes 
are of the high-spin type, the values lying within the 
ranges observed for other high-spin five-coordinate 
complexes: Those found for the nickel compounds 
(3.56-3.63.B.M.) are such as to exclude the possibility 
of octahedral coordination (range 2.9-3.3 B.M.). 
From the wide range of complexes with oxo ligands 
now available it appears that the [MLs]2+ compounds 
are the first examples of five-fold coordination with 
·identical oxo ligands. Edwards et al.'5 have studied 
oxo complexes in relation to coordination number and 
although a complex of composition Cd(Me2SO)s(Cl04)z 
is reported no evidence for five-coordination, beyond 
the elemental analysis, is presented. The trimethyl-
phosphine and arsine oxides are apparently sufficiently 
small to enable five-fold coordination but bulky 
(12) K. Nakamoto, "Infrared Spectra of Inorganic and Coordination 
Compounds", J. Wiley & Sons, Inc., p, 116. 
(13) A. M. Brodie, S. ·u. Hunte,r, G. A. Rodley, and C. J. 
Wilkins, J. Chern. Soc., {A), in the press. 
(14) C. V. Berney and J. H. Weber, Jnorg. Chern., 7, 284 (1968); 
Y. Kakiutl, S. Kida and J. V. Quagliano, Spectrochirn. Acta, 19, 
201 11963): G. A. Rodley, D. M. L. Goodgame, and F. A. Cotton, 
f. Chern. Soc., .264 (1965). 
(15) J. 0. Edwards, R. J. Goetsch, and J. A. Stritar, Inorg. 
Chirn. Acta, 1, 360 Sl967). 
enough to prevent six-coordination as found for other 
«smaller» oxo ligands such as pyridine-N-oxide16 and 
dimethylsulphoxide.17 This is further indicated by the 
fact that the spectrum of the one complex which was 
sufficiently stable to study in solution, [Ni(Me3As0)s]-
(Cl04)z, was unaffected by excess ligand. 
While ML6 complexes could not be obtained with 
the Me3XO ligands (X=P or As) an isomorphous 
series of six-coordinate [M(MeJPO)s(HzO)](Cl04)2 
derivatives (M=Mn, Co, and Ni) was obtained upon 
exposure of the [M(MeJPO)s](Cl04)2 compounds to 
atmospheric moisture, indicating that a sufficiently 
small ligand can increase the coordination to six. 
That only the MeJPO complexes show this behaviour 
may be associated with the lower steric requirement 
of the phosphine oxide than the arsine oxide, although 
a higher electrophilicity of the metal atom (due to a 
smaller net charge transfer by the weaker MeJPO 
donor13) may be an important factor. The tetrahedral 
complex [ Co(Me3P0)4](Cl04)2' is also much more 
sensitive to moisture than its arsine oxide analogue, 
giving a six-coor9inate dihydrate [ Co(MeJPOMH20)z]-
(Cl04h (Table II). It is of interest however that 
trimethylarsine oxide in association with a small hi-
dentate nitrate ligand does form a six-coordinate 
complex . [Ni(MeJAs0)4(NOJ)]BPh4. The electronic 
spectum of this compound (Table II), characteristic 
of an octahedral complex, excludes the possibility of 
five-coordination (as found for the perchlorate 
[Ni(MeJAs0)4Cl04]BPh4) and establishes the bidentate 
role of the nitrate. 
In view of its similar shape to the phosphine and 
arsine oxides trimethylamine oxide might also be 
expected to form five-coordinate complexes, but 
isolation of such compounds did not prove possible. 
The amine oxide usually gives four-coordinate com-
plexes, but its ability to develop six-coordination, 
as ·in [Cr(Me3N0)6](Cl04)J,18 indicates that an 
(16) J. V. Quagliano, J. Fujita, G. Franz, D. J, .Phillips, J. A. 
Walmsley, and S. Y. Tyree, f. Arner. Chern. Soc., 83, 3770 (1961). 
(t7rD. W. Meek, R. s. Drago, and T. s. Piper, Inorg. Chern., 
1, 285 (1962). 
(18) R. S. Drago, J. T. Donoghue, and D. W. Herlocker, Inorg. 
Chern., 4, 836 (1965); K. Jssleib and A. Kreibich, Z. {lnorg. Chern., 
313, 338 (1961). 
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Cobalt(u} Complexes with Trimethylphosphine Oxide and Trimethyl-
phosphine Sulphide 
By A. M. Brodie. S. H. Hunter. G. A. Rodley. and C. J. Wilkins. Chemistry Department. University of 
Canterbury. Christchurch. New Zealand , 
The preparation of new tertiary phosphine sulphide and arsine sulphide complexes of cobalt(ll) is reported and 
comparative spectral and magnetic data presented for Me3 PO and Me3PS tetrahedral complexes of the types 
(Col~] (CI04 )z and CoL2X2 (X= Cl, Br. and 1). The results demonstrate the high metal-ligand covalency which is 
produced by thioxo-ligands. Electronic spectra for complexes with Me3 PO, MePS. and related ligands are com-
pared. A conspicuous feature of the spectra of [Col4]2+ complexes with oxo-ligands is that phosphine oxides 
produce an identical v3 band profile while arsine oxides produce a different. characteristic profile. By contrast. 
phosphine and arsine sulphides do not produce marked differences in the splitting of electronic bands. 
ALTHOUGH there are numerous examples in the literature 
of tertiary phosphine and arsine sulphides forming 
complexes with 'class b ' acceptors, examples with 
' class a ' acceptors are less common.l Recently it was 
found that trimethylarsine sulphide reacts readily with 
iron(n), cobalt(n), and nickel(n) .2 This prompted a 
closer examination of the co-ordinating properties of tri-
methylphosphine, triphenylarsine, and triphenylphos-
phine sulphides. In contrast to earlier reports 1 it was 
found that a full range of Con complexes could be ob-
tained with trimethylphosphine sulphide and also that 
triphenylarsine sulphide reacted with cobalt(n) salts, 
although in the latter case only_i!l!Pure products were 
obtained. There was no--a:efini.te indication of complex 
formation for triphenylphosphine sulphide with cobalt(n). 
This report deals primarily with spectroscopic and 
magnetic data for trimethylphosphine sulphide and 
oxide complexes which complement data reported 
earlier for complexes of the arsenic analogues (Me3AsS 
and Me3As0).2 X-Ray powder photographs show that 
cobalt(n) complexes with trimethylphosphine oxide and 
trimethylphosphine sulphide are respectively isostruc-
tural with their arsenic analogues. Moreover the 
photographs of related halide complexes with the phos-
phine oxide and sulphide are themselves similar, aS, was 
found for the corresponding arsenic compounds.2 The 
essentially tetrahedral structure for the cobalt(n) com-
plexes of trimethylphosphine oxide and sulphide is 
apparent from their electronic spectra (Table 1). 
Relationships between both the spectral parameters 
and the magnetic properties of the phosphine oxide and 
sulphide complexes closely parallel those found between 
their arsenic analogues. 2 Thus, the close similarity of 
the ligand-field splitting energies, ~. for the perchlorate 
complexes, [Co(Me3P0)4](Cl04) 2 and [Co(Me3PS)4]C104) 2, 
again enables differences in magnetic moments to be in-
terpreted primarily in terms of spin-orbit coupling. The 
magnetic moment of the compound [Co(Me3PS)4](Cl04) 2 
TABLE 1 
Electronic spectral data for cobalt(n) complexes (cm.-1) a 
Compound State 
[Co(M3P0) 4J(CI04) 2 PhN0 2 18,250(152) 17,990(154) 17, 120(221) 16,690(223) 15,920(242) 7410(34) 6540(36) 5850(33) 
Solid 18,180(sh,br) 16,670 16,000 7580 6760 5880 
Co(Me3P0) 2Cl2 •••••• CH2CI2 16, 750(260) I6,160(sh) 15,600(389) 15,060(449) 6990(53) 5850(50) 
Solid 16,750 16,260 15,800 14,880 6940 5850 
Co(Me3P0) 2Br2 •••••• CH2CI2 16, 720(sh) 16,030(360) 15,460(433) 14,680(456) 6710(64) 5750(60) 
Solid 16,950 16,580 15.620 14.140 6670 5680 
Co(Me3P0) 2I 2 ••••••••• ·cfi:2CI2 16,260(427) 15, 770(sh) 15,200(490) 13,950(422) {):f'iD\94) - 559li(!W) 
Solid 16,260 15,040 13,850 6330 5460 
[Co(Me 3PS) 4] (CI0 4) 2 PhN0 2 b 15,380(526) 14,490(705) 13,510(650) 7350(143) 6000(143) 
Solid 15,400 14,800 13,600 7350 5950 
Co (Me3PS) 2Cl2 PhN02 16,560(436) 15,170(436) 13,330(457) 6900(sh) 5210(123) 
Solid 16,100 14,800 13,600 6600 5250 
Co(Me3PS) 2Br2 CH2Cl2 15,850(468) 14, 730(506) 13,230(540) 6620(sh) 5000(ll5) 
Solid 15,600 14,200 13,500 6500 4900 
Co(Me3PS) 2I 2 CH 2CI 2 14,840(575) 13,870(749) 12,820(871) 6350(117) 4940(117) 
Solid 14,800 13,700 12,800 6100 4800 
[Co(Ph3AsS) 4]{Cl04) 2 PhN02 b 15,150 14,370 13,890 7840 5920 
Solid 15,100 14,350 13,900 7800 5900 
Co(Ph3AsS) 2Br2 •••••• CH2CI2 b 15,820 14,470 13,090 6600(sh) 4960 
Solid 15,700 14,600 13,300 6600 4700 
a Molar extinction coefficients in parentheses. b Plus excess ligand. 
v(P-S), v(As-S) 
Me3PS ........................... 565s [Co(Me3 PS) 4](Cl04). ............ 538sh, 530s, 525sh 
Co(Me3PS) 2Cl2 •••••••••.•••••••• 538sh, 533s 
Co(l\([e3PS) 2Br2 •••••••••••••••••• 536s 
Co(Me3PS).I2 •••••••••••••••••• 53ls 
Ph3AsS ..... '·.... . . . . . . . . . . . . . . . . 495s [Co(Ph3AsS) 4]{Cl04) 2 ••.•••••• e 
Co(Ph3AsS) 2Br2 •••••••••••••.•••• e [Zn(Ph3AsS) 4] (ClO 4). • • .. . • • • • e 
Me3P0f .......................... . [Co(Me3P0) 4](Cl04) 2 
TABLE 3 
I.r. spectra (600-200 cm.-1) a 
v(Co--S), v(Co-0) v(Co-X) 
330m, 321mb 
(325sh, 320s, 308s, 282m) ' 
316m, 310m 246sh, 240s 
317m, 311m 
282m, 275m 
(260sh, 250m, 245m) d 
275m 
460sh, 448m • 
v(ligand) 
280vw, 225vw 
290vw, 260vw, 225vw 
255vw 
275vw, 258w 
275vw, 257w 
474m, 467m, 457w, 345m, 326m, 297vw 
475m, 464s, 455sh, 441sh, 345s, 330sh, 297vw 
469s, 444m, 348s, 343s, 298vw 
477m, 465s, 455sh, 446sh, 346s, 337sh 
375sh, 365m, 315w, 242vw 
352m, 328w, 255vw 
a For Nujol mulls. h Values of v(Co-S) for nitromethane solution are 330m, 323sh. '.->(Co-S) + v{Co-C!). d v(Co-S) + 
v(Co-Br). 'For the complexes v(As-S) is indistinguishable from other ligand bands. f For (Me3P0) 2X 2 complexes see ref. 11. 
• For solution spectrum nitromethane_ band interferes with v{Co-0). 
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v3 Band profiles for solution spectra of groups of [CoL.J2+ species: (A) L = Me3PO, (B) Ph2MePO, {C) (NMe2)sPO, (D) Ph3PO, (E) Me3As0, (F) Ph2MeAsO, (G) Ph3As0, (H) Me3AsS, (I) Me3PS, (J) Ph3AsS 
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is ca. 0·25 B.M. lower than that for [Co(Me3P0)4](Cl04) 2• 
This is a very similar situation to that found for the 
arsenic analogues and substantiates our earlier con-
clusion 2 that a lower magnetic moment for a thioxo-
ligand arises primarily from decreased spin-orbit coupling 
which in turn can be related to increased metal-
ligand covalency. Again, the sulphide complexes 
[Co(Me3PS)4](Cl04) 2 and Co(Me3PS) 2X 2 (X= Cl, Br, or 
I) have considerably lower ~values and higher oscillator 
strengths for their electronic absorptions than those for 
the corresponding oxo-complexes (Table 2), further 
establishing the greater metal-ligand covalency attained 
by thioxo-ligands. 
TABLE 2 
Electronic Spectral Parameters 
va Vz b. 
Compound (cm.-1)• (cm.-1)• (cm.-1 ) b {3 c 
[Co(Me3PO)J(Cl0 4) 2 •••••• 16,890 6600 3800 0·83 
Co(Me3PO).Cl2 .•••••••.••• 15,750 6440 3730 0·76 
Co(Me3P0) 2Br2 ••••••••• 15,590 6230 3590 0·76 
Co(Me3P0) 212 •••••••••••. 15,300 6000 3450 0·75 [Co(Me3PS) 4](Cl04). .•• 14,400 6680 3890 0·65 
Co(Me3PS) 2Cl2 •••••.•••••• 14,990 5810 3340 0·74 
Co(Me3PS).Br2 •••••••.•••• 14·540 5700 3280 0·72 
Co(Me3PS).I2 ••••••••.•••••• 13,710 5650 3260 0·66 [Co(Ph3AsS)J(Cl04). ••• 14,430 6940 4060 0·63 
Co(Ph3AsS) 2Br2 ••••••••• 14,510 5600 3220 0·72 [Co(Me3As0) 4](Cl04). • ••• 16,810 6900 3980 0·81 [Co(Me3AsS) 4](Cl04) 2 • ••• 14,280 6950 4070 0·62 
f(v3) (X 103) d 
3·22 
4·54 
4·63 
6·28 
8·59 
6·80 
7·42 
9·18 
3·78 
9·62 
a Evaluated from the centre of gravity of the intensities.· 
b Calculated by the methods described in ref. 3; considered 
reliable to ± 100 cm.-1. c {3 = B (complex)/967; reliable to 
±0·01. a Oscillator strength, f. evafmitea graphically. 
• From ref. 1; included for comparison with other data. 
The present results together with those reported earlier 
for trimethylarsine oxide and trimethylarsine sulphide 
complexes 2 also provide information on the differing 
effects of phosphorus and arsenic on the bonding of 
oxo- and thioxo-ligands. Both the phosphine oxide and 
sulphide produce lower crystal-field splitting energies, <i, 
than their arsenic analogues. Trimethylphosphine oxide 
is a considerably weaker base than the arsine oxide 4 
and other data for these ligands (e.g. J(CI3-H) coupling 
constants,5•6 and the estimated P-0 and As-0 force 
constants 7•8) indicate a greater degree of oxo-rr-bonding 
in the P-O linkage. This would lead to weaker donor 
power and hence lower <i values for phosphine oxide. 
In view of the uncertainty about the extent of rr-bonding 
in thioxo-ligands,9•10 it is not possible to discuss the 
effect of this on <i values. Also, differences in polarisa-
bilities are likely to be more important for thioxo-
ligands. Too much emphasis should not be placed on 
the relatively small differences in <i, particularly in view 
of the difficulties in deriving reliable <i values for con 
tetrahedral complexes.n However, it is noteworthy 
that <i values are consistently higher for CoL2X 2 com-
plexes with L = Me3As0 or Me3AsS compared respec-
tively with their phosphorus analogues, paralleling the 
.situation for the [CoL4] 2+ species. 
A further indication of the influence of the penultimate 
atom on the bonding of these ligands may be obtained 
from details of the v3 band profiles. Although the 
positions of the v3 bands for [Co(Me3P0)4](Cl04) 2 and the 
isostructural complex [Co(Me3As0)4](Cl04) 2 are similar, 
their profiles (Figure) are quite different. _The difference 
in the band splitting does not appear to be a function of 
~ because other oxo-ligands, which produce different 
~ values, follow a similar pattern. Thus, Ph3PO, 
Ph2MePO, and (Me2N)sPO have virtually the same band 
profile (Figure) as that observed for Me3PO, while 
profiles for Ph3As0 and Ph2MeAsO parallel closely that 
for Me3As0. A likely explanation is that basic dif-
ferences in M-0 bonding for phosphine oxide and arsine 
oxide ligands, arising from differences in d'"-p'" bonding, 
produce slightly different spacings between components 
of the 4P and 2G states, which in turn would lead to 
different spin-orbit coupling and consequently different 
band profiles. By contrast the thioxo-ligands do not 
produce marked differences in the v3 band profiles for 
[CoL4]2+ complexes. The bands are virtually identical 
for trimethylphosphine sulphide and trimethylarsine 
sulphide derivatives while the spectrum for the tri-
phenylarsine sulphide complex is similar (Figure). 
This indicates that Co-S interactions are not affected 
by the penultimate atom (i.e. P or As) as appears to be 
the case for Co-O oxo-bonding, which may imply that 
n-bonding (P-S and As-S) is less important for thioxo-
ligands. 
The v2[4A2 __.. 4T1(F)] absorption bands also differ 
for [CoL4]2+ oxo- and thioxo-complexes. In the former 
case three main bands are invariably found while in the 
latter only two components appear. Unlike the v3 
band, there is no apparent difference between profiles 
for phosphine oxide and arsine oxide complexes. This 
further indicates that the different features observed for 
v3 are primarily related to different interactions between 
excited quartet and adjacent doublet states. The effects 
of lower symmetry are more apparent for the v2 transi-
tion 11 and the observed differences for oxo- and thioxo-
complexes many indicate less distortion in the latter case, 
as might be expected for the larger sulphur donor atom. 
However, splitting of v(Co-0) and v(Co-S) i.r. bands in 
[CoL4](Cl04) 2 complexes, L = MegPO, Me3As0, Me3PS, 
and Me3AsS, indicates that the point symmetry is 
lower than T a in all cases. Results for the Me3PO 
and Me3PS complexes are given in Table 3. For 
[Co(Me3AsS)4] (Cl04) 2, v(Co-S) is split in nitromethane 
solution (312 and 295 cm.-1) as was observed for the 
solid state.2 Also, in the case of the corresponding oxo-
complex v(Co-0) is split in the solid state 2 and broad in 
solution. Low frequency results for Co(Me3PS) 2X2 
(X = Cl, Br, I) and the Ph3AsS complexes are included in 
Table 3, while data for Co(Me3P0)2X 2 complexes (X= 
Cl, Br, or I) are reported elsewhere.12 
EXPERIMENTAL 
Preparations and Analyses.-Trimethylphosphine sulphide 
(m.p. 155-156°) and triphenylarsine sulphide (m.p. 163°) 
were prepared by published methods.l3• 14 The phosphine 
sulphide complexes were obtained from the ligand and 
cobalt salt in hot anhydrous ethanol, preferably with 
addition of ethyl orthoformate.15 The products, which 
crystallized on cooling, were washed with ethanol and ether, 
Inorg. Phys. Theor.-8/420--3 
and dried in vacuo. Of the phosphine oxide derivatives the 
halides Co(Me3P0) 2X 2 have been described previously.12 
The perchlorate [Co(Me3P0) 4] (Cl04) 2, prepared as above, 
is extremely hygroscopic, being converted reversibly to a 
pink hydrate. Manipulations were therefore made under 
moisture-free conditions. The magnetic moment was 
reproducible for different samples. The i.r. spectrum 
reported previously 16 corresponds with that of the hydrate. 
In preparing the triphenylarsine sulphide complexes the 
hot ethanol solutions containing ethyl orthoformate were 
evaporated until viscous. Upon cooling the solution and 
adding ether crystals were obtained, but the products were 
contaminated with unchanged reactants. These could not 
be eliminated by recrystallisation, use of different solvents, 
or different reactant ratios. The perchlorate complex was 
identified as [Co(Ph3AsS) 4] (Cl04) 2 from its isomorphism with 
the pure zinc analogue. 
The compounds gave the following analyses: 
[Co(Me3PO)J(Cl04)z (Found: C, 23·6; H, 5·7; Co, 9·4. 
C12H 36Cl2Co012P 4 requires C, 23·0; H, 5·75; Co, 9·4%). 
[Co(Me3PS) 4](Cl04) 2 (Found: C, 21-l; H, 5·1; Co, 8·3. 
C12H 36Cl2Co08P 4S4 requires C, 20·9; H, 5·2; Co, 8·5%). 
Co(Me3PS) 2Cl2 (Found: C, 20·9; H, 5·2; Cl, 20·0. 
C6H 18Cl2CoP2S2 requires C, 20·8; H, 5·2; Cl, 20·5%). 
Co(Me3PS) 2Br2 (Found: C, 16·7; H, 4·2; Br, 36·6. 
C6H 18Br2CoP2S2 requires C, 16·6; H, 4·1; Br, 36·7%). 
Co(Me3PS) 2I 2 (Found: C, 13·9; H, 3·4; Co, 10·8. 
C6H 18Coi2P 2S2 requires C, 13·6; H, 3·4; Co, ll·l %). 
Co(Ph3AsS) 2Br2 (Found: C, 46·4; H, 3·5. 
C36H 30As2Br2CoS2 requires C, 48~-;---H, 3·35%f. 
[Zn(Ph3AsS) 4](Cl04) 2 (Found: C, 53·0; H, 3·9. 
C72H 6oAs4Clp8S4Zn requires C, 53·4, H, 3·7%). 
Physical Measurements.-These were made as described 
previously.2 In recording the electronic spectra of the 
relatively unstable complexes [Co(Me3PS)J(Cl04h, 
[Co(Ph3AsS)J(Cl04) 2 and Co(Ph3AsS) 2Br2 which show 
ligand dissociation in nitromethane solution, free ligand was 
added to restore band intensities to their maximum values. 
Spectra of the ions [CoLJ2+ (L = Ph2MeAs0 and Ph2MePO) 
were obtained from solutions of the perchlorates 
[CoL4 (Cl04)]Cl04 in nitromethane. These compounds are 
five-co-ordinate in the crystalline state, 6• 17 but give tetra-
hedral spectra in solution. The solution spectrum of 
[Co(Ph3As0) 4](Cl04) 2 was also recorded on a Cary 14 
Spectrophotometer in view of a minor discrepancy with a 
previously reported spectrum.l8 
Magnetic moments were corrected for diamagnetism and 
temperature independent paramagnetism.2 Values (B.M.) 
for the complexes at room temperature are: 
[Co(Me3P0) 4] (Cl04)z, 4·56; [Co(Me3PS) 4] (Cl04)z, 4·31; 
Co(Me3P0) 2Cl2, 4·34; Co(Me3PS) 2Cl2, 4·32; Co(Me3PO)zBr2, 
4·46; Co(Me3PS) 2Br2, 4·41; Co(Me3P0) 2I 2, 4·46; 
Co(Me3PS) 2I 2, 4·42. 
The authors are indebted to Dr. J. Ferguson, Division of 
Chemical Physics, C.S.l.R.O., Melbourne, for discussions on 
the electronic spectra. They acknowledge assistance by 
Mr. R. Rendle with experimental work. Instrumental 
facilities have been provided by the New Zealand Univer-
sities Research Committee. One of the authors (A. M. B.) 
participated during tenure of a Post-Graduate Scholarship. 
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